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CHAPTER I 

INTRODUCTION 

I. NATURE AND IMPORTANCE OF THE PROBLEM 

The average annual streamf low discharging into the oceans from 

the continental United States is approximately 1100 billion gallons 

per day (BGD). It has been predicted that by the year 2000 A.D., 

polluted return flows from municipal and industrial uses, power gene-

ration, and irrigation, will reach about two-thirds of the entire 

streamflow (1). The United States Public Health Service has esti-

mated that by the year 2000, 95 per cent of the total population of 

some 280 million people will reside in urban areas, and that the 

wastes discharged through municipal sewer systems will average about 

132 gallons per day per person (1). 

As the need for greater quantity and the deterioration of the 

quality of the water become more critical, the growing demands for 

fresh water can be met only by re-use of the water resource. Hence, 

all wastewaters returned to the streams must be given adequate treat-

ment to remove any pollutants which would degrade the water and make 

it unfit for another required use downstream. 

The need for a high degree of waste treatment has increased the 

popularity of the activated sludge process, which is one of the few 

waste treatment processes which can produce a high quality effluent at 

a reasonable cost (2). The activated sludge process is very flexible 
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and can be adapted to almost any type of biological waste treatment 

problem. Metcalf and Eddy (3) list nine process modifications, one 

of which is the use of high purity oxygen as the gas of aeration. 

The use o"f oxygen in biological waste treatment is not a new 

concept but was reported by Okun (4) as early as 1949. His process, 

termed the "bio-precipitation system," was unlike a conventional acti-

vated sludge plant in that the mixed liquor was not aerated directly 

but rather the oxygen was predissolved in the wastewater fed to the 

reactor. A schematic of Okun's unit is shown in Figure 1. He was 

able to maintain a biological floe concentration more than twice that 

of a normal activated sludge plant. Furthermore, with the greater 

biomass concentration carried in the bio-precipitation unit, equiva-

lent treatment could be accomplished with smaller plant capacity and 

at higher BOD loadings. However, two factors prevented the commercial 

use of Okun's system. First, the anticipated reduction in the cost of 

commercial oxygen failed to materialize. Secondly, there were no funds 

available to promote full-scale demonstration of the concept. 

In later work Okun and Lynn (S) reported the oxygen-fed sludges 

remained aerobic longer than air-fed sludges, implying that the use of 

oxygen in the aeration process might improve the quality of recycled 

sludge. 

Carver (6) reported data that indicated the rate of oxygen trans-

fer with pure oxygen aeration was independent of dissolved oxygen con-

tent of the liquid between 0 and 12 mg/l. He proposed that for acti-

vated sludge systems exerting high oxygen demands that the additional 

oxygen be furnished as pure oxygen and some air aeration be provided to 
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furnish adequate mixing. 

In a "state-of-the-art" review, McKinney and Pfeffer (7) con-

cluded that if the potential of high percentage oxygen aeration could 

be harnessed in an economically realistic fashion, the following 

benefits to the activated sludge process could conceivably be achieved: 

1. Possibility of avoiding excessively high aeration rates and 

hence obtaining a reduction in the power required per unit 

of oxygen transferred. 

2. Increased rate of stabilization of organic material. 

3. Reduction in, or elimination of, periods of zero dissolved 

oxygen concentration. 

4. Ability to operate high rate systems by substantial increases 

in organic loading where oxygen is not limiting. 

5. Reduction in plant size and, thus, capital investment. 

6. Increased capacity of organically overloaded plants without 

need for additional aerator capacity. 

At this point it appeared that the major problem in the use of pure 

oxygen was the development of a process in which high utilization ef-

ficiency of the gaseous oxygen could be achieved. 

In the late 1960's the Linde Division of Union Carbide Corpora-

tion developed an oxygen aeration system which they proposed to be 

economically competitive with air aeration systems (8). Figure 2 

shows a schematic diagram of the system. This system uses a series of 

concurrent sparger-turbine gas-liquid contacting units. The oxygen gas 

is fed into the first stage at a pressure about 1-3 inches of water 

above ambient. Recirculating gas blowers in each stage pump the oxygen 
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through a hollow shaft to the rotating spargers. The impellers located 

on the same shafts as the spargers, provide adequate liquid mixing and 

yield longer residence times for the dispersed oxygen bubbles. Each 

successive stage is essentially identical to the preceding except that 

as a higher portion of the oxygen demand is met in the initial stages, 

the required volume of gas to be recirculated in subsequent stages will 

be less to maintain the desired dissolved oxygen level in the mixed-

liquor. 

The entire unit is covered to contain the oxygen aeration gas. 

Gas is fed to the system on demand, i.e., if the oxygen demand of the 

biomass increases because of an increase in organic loading, the pres-

sure in the system would decrease causing feed oxygen flow into the 

system to increase in an effort to re-establish a pressure set point 

of the controller. 

In 1969 Union Carbide begatt an investigation using their high 

purity oxygen system for waste tr~atment at Batavia, New York. The 

sewage treatment plant there was converted from a contact-stabilization 

facility into a two section unit utilizing half of the original plant 

for oxygenation and the other half for conventional aeration (8). 

The Union Carbide study was conducted in three phases. In two 

phases, the performance of the oxygenation system was compared to the 

parallel air aeration system. In a third phase, the oxygenation system 

was used with one-fourth of the plant aeration tankage to treat the 

entire wastewater flow. A summary of the results from each of the 

three phases is shown in Table I. From these data it was concluded 

that the advantages of the oxygenation system would be a reduction in 



TABLE 1 

SUMMARY COMPARISON OF AIR AND OXYGENATION SYSTEMS PERFORMANCE 

PHASE I OPERATION PHASE II OPERATION PHASE III OPERATION 
AIR OXYGEN OXYGEN AIR OXYGEN 

Wastewater Feed Rate (MGD) 1.97 1.91 2.53 1.29 1.44 
Aeration Detention Time (Hrs. )a 3.5 3.6 1.2 2.6 2.0 
Nominal Aeration Detention 

Time (Hrs.) b 4.0 4.1 1.5 3 .0 2.8 
MLSS Concentration (mg/l) 2,440 3,060 6,980 3,640 6,190 
MLVSS Concentration (mg/l) 1. 740 2,210 4,450 2,580 4,310 
Recycle Sludge TSS (mg/l) 14,960 18, 620 29,560 16,600 18,790 
Volumetric Organic Loading 

lbs. BOD/Day/1000 ft3 60.0 57.9 212.5 128.9 144,8 
. -

Mixed-Liquor Dissolved 
Oxygen Concentration (mg/l) 1.5 8.7 9.0 0.8 8 . 0 

Ft.3 Air Utilized/Gal Sewage 
Treated 2.89 4.32 

% Feed Oxygen Utilized 95.5 92.7 
% BOD Removed 90 92 90 88 94 
% COD Removed 76 80 71 79 84 
% TSS Removed 93 96 89 94 97 

a Raw Flow plus Recycle Flow 

bRaw Flow Only. 
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aeration tank volume requirements for equivalent treatment and a re-

duced production of waste activated sludge. 

Using the data obtained at Batavia, Sherrard and Schroeder (9) 

calculated values for ec, Yobs, and BOD removal efficiency where ec 

and Yobs are respectively sludge age and observed yield coefficient. 

These data are presented in Table 2. In laboratory studies these 

authors also found that the observed yield was highly dependent on 

sludge age (Figure 3). Because the two systems of aeration at Batavia 

were operated at different ranges of ec, it is impossible to determine 

whether or not fundamental differences exist. Thus, the conclusions 

originally drawn from the Batavia study seem to be based on an invalid 

comparison. 

Ball, et al. (10) realized the need for an investigation con-

trolled in such a manner that a valid comparison could be made between 

the air and oxygen activated sludge process. These investigators found 

there were no significant differences in the sludge yield between a 

system employing oxygen and one employing air. 

Jewell and Mackenzie (11) conducted a study comparing the yields 

in identical processes varying only the dissolved oxygen (DO) concen-

trations. These workers found that operating DO concentration has a 

significant effect on sludge yield. At concentrations of 15 mg/l the 

yield was 20 per cent less than that of a similar system operated at 

5 mg/l. However, Tomlinson et al. (12) found the yield with air aera-

tion was half the oxygen associated yield at a ec of 3.5 days, whereas 

the reverse was true at a ec of 10 days. Thus, considerable disagreement 
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TABLE 2 
.. 

STEADY-STATE DATA FOR OXYGEN AND AIR AERATION SYSTEMS 

OBTAINED AT BATAVIA, NEW YORK 

Method of Aeration BOD Removal 
Phase Week Air Oxygen 0c(days) Yobs (%) 

I 5/12 x 1.39 1.16 93 
5/19 x 2.68 0.85 88 
5/26 x 2.00 0.68 92 
6/2 x 2.25 1.00 87 
6/9 x 2.67 0.92 86 
6/16 x 1.48 1.45 90 
6/23 x 1.93 0.94 93 
5/12 x 4.05 0.62 _95 
5/19 x 5.89 0.46 90 
5/26 x 4.30 0.39 94 
6/2 x 4.41 0.63 90 
6/9 x 3.86 o. 79 92 
6/16 x 4.20 0.83 92 
6/23 x 8.46 0.35 94 

II 7 /28 x 2.67 0.61 87 
8/4 x 4.32 0.51 87 
8/11 x 3.40 0.45 92 
8/18 x 2.50 0.50 90 
8/25 x 3.31 0.50 87 

III 9/8 x 2. 72 o. 75 86 
9/15 x 2.09 0.96 87 
9/22 x 0.98 1.19 90 
9/29 x 1.13 1.01 85 
10/6 x 1.12 1.07 90 
10/13 x 0.92 1.31 91 
10/20 x 1.26 1.09 92 
10/27 x 0.93 1.35 89 
11/3 x 1.21 1.05 86 
9/8 x 13.52 0.149 91 
9/15 x 17.99 0.161 92 
9/22 x 14.19 0.157 95 
10/6 x 9.11 0.286 97 
10/13 x 14.44 0.105 96 
10/20 x 10.31 0.185 96 
10/27 x 5. 70 0.239 95 
11/3 x 7. 67 0.223 94 
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exists as to what effect the use of oxygen in the activated sludge pro-

cess has on the sludge yield. 

II. SCOPE OF THE PRESENT INVESTIGATION 

The present study is concerned with comparing substrate removal 

and growth kinetics from both air and oxygen activated sludge systems 

operated over a range of sludge ages encountered in normal plant opera-

tion. In addition to a kinetic evaluation, the following factors were 

examined in this investigation: 

1. dissolved oxygen concentration, 

2. oxygen uptake rate, 

3. exogenous oxygen requirements, 

4. COD removal efficiency, 

5. cellular protein (total), 

6. cellular carbohydrate (total), 

7. cellular lipid (total), 

8. cellular polyhydroxybutyrate, 

9. cellular ribonucleic acid, 

10. cellular deoxyribonucleic acid, and 

11. floe structure 

It was the aim of the study to seek possible correlations between 

the various parameters evaluated and the change in biomass production 

at various sludge ages for the air and oxygen activated sludge systems. 

It was felt that even if the study did not substantiate the original 

thesis, promulgated after the Batavia study, of reduced sludge production 
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in oxygen systems that it would contribute to a better understanding 

of the kinetics and mechanisms operative in activated sludge systems. 



CHAPTER II 

LITERATURE REVIEW 

The word metabolism is used to describe the sum total of all re-

actions that occur in a living organism. Those molecules which are 

absorbed into the cell may either be built into more complex molecules 

in reactions described as anabolic, or degraded into smaller molecules 

in catabolic reactions. Anabolic reactions require energy and are 

characterized as endergonic, and catabolic reactions liberate energy 

and are exergonic reactions (14). · 

In order for the cell to function the energy liberated by exer-

gonic reactions must be made available to energy requiring endergonic 
! 

reactions. The link that connects energy-producing and energy-requiring 

reactions in biological systems is the compound adenosine triphosphate 

(ATP)(l5). 

There are three types of energy-yielding metabolisms in which 

chemical oxidation-reduction reactions provide the ultimate source of 

energy. These are fermentation, aerobic respiration, and anaerobic 

respiration. The three processes are 'distinguished on the basis of 

their ultimate electron acc~ptor. In fermentation, organic compounds 

serve as the final electron acceptor whereas molecular oxygen serves 

this role in aerobic respiration. However, in anaerobic respiration . . 

the final electron acceptor is an inorganic compound other than oxygen 

(16). 

13 
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Organisms that rely upon aerobic respiration as their principal 

source of energy have developed the cytochrome system for transporting 

electrons from the oxidizable electron donor to molecular oxygen. The 

cytochrome components of different organisms differ in certain respects, 

but one common feature of cytochrome mediated respiration is that oxy-

gen is reduced to water. 

By comparing the energy available from a molecule of glucose if 

it is converted to ethanol or lactic acid as opposed to the energy 

available when it is completely oxidized to co2 and H20, it can be seen 

that aerobic respiration is the most efficient type of metabolism a 

cell can employ (19). 

Reaction !:i.G 

1 Glucose ~ 2 Lactic acid -47 Kcal/mole 

1 Glucose -7 2 Ethanol+ 2 C02 -56 Kcal/mole 

1 
02 

Glucose~ 6 C02 + 6 H20 -690 Kcal/mole 

!:i.G represents the free energy change from reactant to product, i.e., 

the energy available to do useful work. 

To take advantage of the high efficiency realized by aerobic 

metabolism the waste treatment engi neer uses aerobic microbial suspen-

sions f or reducing the soluble and colloidal organic matter in a large 

variety of liquid was t es. Such suspensions may consist of dispersed 

growths such as in lagoons, or activated sludge where the engineer 

uses a flocculant suspension of microorganisms at relatively high con-

centra t i ons. 

The activated sludge process is not a single biological or physical 
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process but rather the interaction of the following basic processes 

(17): 

1. Dissolution of oxygen into the waste liquid. 

2. Mass transfer of organics and dissolved oxygen to the cell. 

3. Basic respiration and metabolism of aerobic bacterial cells. 

4. Flocculation of bacterial cells. 

For proper system design the engineer must consider the relationship 

between these basic processes. 

A. Dissolution of oxygen into the waste liquid. 

1. Oxygen Solubility 

The solubility of oxygen is directly proportional to the par-

tial pressure of oxygen in the gas phase. This is known as Henry's 

law and may be expressed as 

c = !. p H x (1) 

where c denotes gas concentration in the liquid at equilibrium, Px the 

partial pressure and H, Henry's law constant, Henry's law predicts 

that in an atmosphere of pure oxygen, water will dissolve about five 

times as much oxygen as in air where the partial pressure is only about 

0.21 atmosphere. 

Oxygen is only a slightly soluble gas, and because of this pro-

perty there exists at any time only a small amount in solution. In a 

microbial suspension the rate of supply of oxygen must at least equal 

the demand. If there are local or temporary depletions in any part of 

the suspension, damage may occur to the respiring cells. This phenomena 

was studied by Hromatka, et al. (18) who found that interruption of the 
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air flow to Acetobacter for 15 seconds caused death and disrupted meta-

bolism. 

B. Mass transfer of organics and dissolved 

oxygen to the cell 

1. Mechanism of oxygen transfer in biological systems 

According to Bartholomew (19) the transfer of oxygen in a 

biological system involves a series of resistances which are illustrated 

in Figure 4. Steel's (20) summary of this process was that oxygen must 

first dissolve in the liquid and then be transferred to the cell by 

diffusional and eddy processes. It must then diffuse through the liquid 

surrounding the cell before reaching the surface where it is then trans-

ferred to active sites in the interior of the microorganism. In other 

words, in its pathway from the gas phase to the enzyme active site 

within the bacterial cell, oxygen encounters resistances from the film 

between the bulk of the gas and the gas-liquid interface, from the 

film extending from the interface to the bulk of the liquid, from the 

liquid film around the individual cells or f loc and from intracellular 

and intrafloc resistances. 

To determine which of these resistances is ~ate limiting, each 

should be considered individually. The rate of dissolution of oxygen 

is proportional to the concentration of oxygen in the liquid and to the 

interfacial area, a. Therefore, for a unit volume the rate of adsorp-

tion of oxygen into the liquid is equal to ~a(Cs-CL) where Cs is the 

saturation concentration of oxygen in the liquid, CLis the actual con-

centration of oxygen in the liquid, and KL is a proportionality con-

stant. KL may be considered as an over-all conductance, and its 
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Gas bubble 

Gas film 

Oxygen 
~~-tr_a_n_s_f_e_r~~~-t> 

· Liquid film 

Cell 

Liquid 
film 

Figure 4--Resistances to oxygen transfer in biological systems. 



18 

reciprocal, l/~, as an over-all resistance equal to the sum of the 

separate resistances in the gas film, the interface, and the liquid 

film. When these resistances are large, ~ is small and vice versa 

(24). 

For a slightly soluble gas like oxygen, the concentration driving 

force across the gas film is so much greater than the driving force 

across the liquid film that the liquid film always offers more re-

sistance (21). Furthermore, since the diffusion coefficient of oxygen 

through air is about 10,000 times greater than through water, the air 

film would have to be much, much thicker than the liquid film to be-

come controlling (21). 

Bartholomew, et al. (19) suggested that the liquid film surround-

ing the bacterial cell or floe may be the major resistance to oxygen 

transfer when the dissolved oxygen (DO) concentration in the liquid is 

high. Tsao and Kempe (22), studying the production of gluconic acid 

by suspended cells of Pseudomonas ovalis, proposed that the rate-limiting 

step for oxygen transfer also occurred at the cell liquid interface. 

However, Finn (21) calculated this resistance and his data indicated 

that the theoretical resistance of the liquid film is not large, Fur-

thermore, Muller ~al. (23) found that even under quiescent conditions, 

the resistance to oxygen transfer caused by the liquid boundary layer 

around a floe is small when compared to the floe resistance. 

2. Effect of agitation on oxygen transfer to cells. 

Many investigators have demonstrated the fact that mixing 

intensity is one of the most important parameters in the activated 

sludge process. Tsao and Kempe (22) felt that agitation reduced the 
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thickness of the liquid film surrounding individual cells resulting in 

an increased oxygen uptake rate. Finn (21) did not agree with this and 

felt that agitation beyond that required for cell suspension did not 

improve the rate of oxygen uptake because the cells simply moved with 

the liquid. However, Bennet and Kempe (24), while measuring the oxygen 

uptake rate of Pseudomonas ovalis by monitoring the rate of gluconic 

acid production, found that acid production increased when the stirring 

speed was increased. Furthermore, this result occurred when the DO 

concentration was above that considered as critical. According to the 

concept of critical DO, such an effect should not have been noted (the 

concept of critical DO will be discussed in a later section). Because 

of this observation, they proposed a second path for oxygen transfer 

which is illustrated in Figure 5. When the cell adsorbs on the bubble 

surface, oxygen can be transferred directly from the air to the cell 

through a conunon liquid film eliminating diffusion through the bulk of 

the liquid. The surface area available for adsorption of bacterial 

cells is directly related to the area of the gas-liquid interface. 

Since agitation increases this area, such a phenomena would be directly 

related to the degree of mixing. Furthermore, they found as the oxygen 

concentration in the air was lowered the oxygen uptake decreased even 

though the DO concentration was again above the critical value, It was 

felt as a result of these measurements that the partial pressure of oxy-

gen in the gas phase was a more important paramenter for controlling 

oxygen transfer than the DO concentration in the liquid, 

Pasveer (25) considered that the size of the activated sludge 

floe depended on the intensity of turbulence and the higher the 
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Gas bubble 

Liquid film 

Figure 5--Second path for oxygen transfer as proposed 
by Bennett and Kempe (24). 
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intensity of turbulence the smaller the floe size. He concluded that 

oxygen could penetrate any f loc only to a depth of 25 to 29 µ • There-

fore, only in the smallest floes, and only in the case of strong turbu-

lence would almost the whole floe be aerobically active in the process 

of biochemical oxidation. In larger floes, i.e., small turbulence, 

only a small percentage of the floe volume would be aerobically active. 

Mueller, et al. (23) somewhat confirmed Pasveer's work when they 

found that larger floe particles needed a much higher oxygen concentra-

tion at their surface than did smaller particles if maximum uptake rate 

was to be maintained. They found that by reducing the oxygen concen-

tration from 5 to 2 mg/l in the liquid surrounding a 70 µ floe, the 

oxygen uptake rate was reduced by 16 per cent, However, when the oxy-

gen concentration was reduced to 0.5 mg/l, a 50 per cent reduction was 

realized as compared to an 8 per cent reduction for a 30 µ floe. 

There seems to be some disagreement as to the mean f loc size 

found in the normal air aerated activated sludge plants in operation 

today. Mueller, et al. (23) determined that 75 per cent of the plants 

they sampled had a mean floe size less than 43 µ • Ganczarczyk (26) 

reported that the activated sludge from a number of the plants he sam-

pled had mean f loc sizes ranging from 140 to 290 µ while those plants 

with "intensive mixing" had floe sizes of 60 to 70 µ • 

Rickard and Gaudy (27) found that a reduction in biological 

solids yield was realized when the velocity gradient in the reactor 

was increased. They also found that an increase in oxygen uptake oc-

curred when the velocity gradient was increased and that the same COD 

removal was maintained at louer solids when the velocity gradient was 
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increased. It was deduced that increased mixing resulted in the de-

velopment of a sludge having a higher capacity for substrate removal 

per unit mass, i.e., a higher viability per unit mass. However, there 

was no reason given for th•:! decrease in cell yield with increased 

turbulence, only that it appeared to occur primarily at the expense of 

cellular carbohydrate. 

C. Basic respiration and metabolism of aerobic 
bacterial cells 

1. Oxygen tension and microbial metabolism 

Molecular oxygen serves as the ultimate acceptor of electrons 

in the terminal respiration of organic substrates by aerobic organ-

isms. There is evidence that low oxygen tensions can affect both the 

metabolic pathways used (28) and the cytochrome content (29) of the 

microorganisms. 

a) critical oxygen concentration 

Many researchers propose that the rate of oxygen uptake by 

a microbial suspension is independent of the DO concentration 

as long as it is above the critical oxygen concentration, Criti-

cal oxygen concentration is defined as the DO concentration below 

which the rate of oxygen uptake begins to decrease (24). Several 

critical values have been measured for bacterial cultures. These 

values are given in Table 3. For the biological oxidation of 

ordinary sewage, Wuhrmann (31) said 1.5 to 2.5 mg/l is sufficient, 

while Oldshue (32) considered 0,5 mg/l to be enough. Eckenfelder 

and O'Connor (33) reported that a mixed liquor DO of 0.2 to 0.5 

mg/l is required. 
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TABLE 3 

CRITICAL DISSOLVED OXYGEN CONCENTRATIONS FOR SPECIFIC 

MICROORGANISMS IN THE PRESENCE OF SUBSTRATE 

Organism 

Azotobacter vinelandii 

Escherichia coli 

Pseudomonas sp. 

Pseudomonas oval is 

Penicillium chrysogenum 

Saccharomyces cerevisiae 

Torylo_esis utilis 

Critical dissolved 
oxygen concentration 

(mg/l) 

0.56 - 1.53 

0.26 

o. 70 

0.70 

0.40 

0.60 

2.00 

Ref. 

25 

25 

34 

34 

34 

34 

34 
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b) Cell yield 

Smith and Johnson (34) found that the per cent yield of 

Serratia marcescens varied directly with aeration efficiency. 

The cell concentration varied from 9 mg/ml at an effective aera-

tion rate of 0.5 mM02/l/min to 23 mg/ml at an aeration rate of 

9 m.~02/l/min. These authors concluded that the oxygen avail-

able to the organisms limited the final cell concentration. 

However, in a later study, Phillips and Johnson (35) found no 

correlation between oxygen supply rate and cell yield if the 

dissolved oxygen concentration in the medium was maintained 

between 0.4 to 0.7 mg/l. 

Harrison and Pirt (36) studied the effect of oxygen tension 

on the yield of Klebsiella aerogenes in continuous culture. They 

found that with DO tensions above 10 to 15 mmHg the cell yield 

and C02 production decreased with decreased oxygen supply. 

Rickard and Gaudy (37) observed that in a completely mixed 

activated sludge unit with glucose as a substrate the biological 

solids yield was unaffected by increasing the DO concentration 

from 1.4 to 7.1 mg/l. However, as discussed earlier, Jewell 

and Mackenzie (11) found that DO concentration had a significant 

effect on sludge yield. These workers proposed that the reduction 

in cell yield was a result of deeper oxygen penetration into the 

activated sludge floe. As the rate of mass transfer of all 

materials in fluids is proportional to a concentration gradient, 

higher concentration gradients cause deeper penetration of oxygen 

into the floe. However, this factor does not affect the rate or 
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depth of organic transfer in the floe. Thus, the difference in 

yield would result from an increase in microbial mass which con-

tinue aerobic endogenous respiration due to the increased depth 

of oxygen penetration. 

c) Substrate removal 

Studying the organic carbon removal·by activated sludge, 

Wuhrmann (31) found that when the DO concentration of the mixed 

liquor was increased from 1 to 4 mg/l, organic carbon removal 

increased. However, he could not find any further increase when 

the DO concentration was increased to 7 mg/l. Rickard and Gaudy 

(37) observed a small improvement in both COD and glucose removal 

efficiency with an increase in DO concentration from 1.4 to 7.1 

mg/l. 

Orford, et al. (38) observed that a DO concentration less 

than 0.5 mg/l in the mixed liquor, increased the 5-day BOD of 

the settled effluent. However, Smith (39) found that as long as 

any DO residual existed in the mixed liquor, the 5-day BOD removal 

efficie~cy was not affected. Von der Emde (40) recommended that 

the DO content of the aeration tank should be at least 2 mg/l, 

for below this value the removal efficiency of the process would 

decrease. 

d) Ecology of activated sludge 

Heukelekian (41) observed that the viable count developed in 

a BOD bottle varied widely as the initial DO was changed. This 

result was attributed to the development of different popula-

tions at different DO levels. 
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By increasing the DO concentration from 1 to 4 mg/l, Wuhrmann 

(31) found that substrate removal efficiency increased. This ob-

servation he proposed was due to a change in the species compo-• 
sition of the sludge. Without direct experimental evidence, he 

theorized that an increase in DO increased the dominance of 

strict aerobic organisms over the microaerophilic and facultative 

species which are present at lower DO values. 

Von der Emde (40) also observed ecological changes in acti-

vated sludge at different DO levels and BOD loadings. He noted, 

at low DO and BOD loading, a decrease in the number of stalked 

ciliates and an increase in the free-swimming forms. 

Low DO concentrations have also been implicated as a causative 

factor for the proliferation of Sphaerotilus (4), and, hence, 

bulking in activated sludge. 

2. Substrate assimilation and storage product 
formation 

Oxidative assimilation of substrates is defined as the primary 

conversion of the substrate to a primary product of assimilation, the 

raw material for secondary synthesis within the cell (42). For example, 

Barker (42) determined the oxygen utilization of Prototheca zopfii 

during oxidative assimilation of various compounds and concluded that 

since the organism was known to synthesize and store glycogen, that 

glycogen was the primary product of assimilation of these substrates. 

Clifton (43), using the Warburg apparatus, studied the oxidative 

assimilation of Bacillus cereus in the presence of labeled glucose. 
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He found approximately 50 per cent of the glucosal carbon was assimi-

lated by the cells and the rest was oxidized. 

Studying the oxidative assimilation of labeled glucose by cells 

of Sarcina lutea, Binnie et al. (44) found that all of the radio-

activity assimilated by the cells was accounted for as glucose ap-

pearing as polysaccharide within the cells. 

The oxidative assimilation of glucose by Bacillus megaterium 

was studied by Clifton (45). He concluded that a dynamic metabolic 

state existed within the cell since radioactivity from the substrate 

appeared in all fractions of the cell. It was further found that poly-

S-hydroxybutyrate rather than carbohydrate was the major assimilation 

product of glucose utilization. Macrae and Wilkinson (46) have also 

reported that this organism can accumulate as much as 40 per cent of 

its dry weight as poly-S-hydroxybutyrate in a nitrogen-deficient medium. 

Not all bacteria are capable of accumulating storage polymers. 

It has been found that Pseudomonas aeroginosa does not accumulate car-

bohydrate, lipid or polyphosphate under oxidative assimilation con-

ditions (47)(48), 

Placak and Rochhoft (49) investigated the oxidative assimila-

tion of thirty-six organic compounds by activated sludge and found that 

organic acids were primarily oxidized while high proportions of carbo-

hydrates were assimilated. 

Studying the removal of skim milk chemical oxygen demand (COD) 

by activated sludge, Porges, et al. (50) found that oxidation, synthe-

sis and storage were all involved in the removal process. They calcu-

lated that in two hours at 30°c, 1000 mg/l sludge removed 89 per cent 
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of 1125 mg/l available COD. Of this, only 11 per cent was oxidized to 

co2 , 18 per cent was converted to cell substance and 70 per cent was 

stored. The storage product was found to be a polymer of glucose. 

Gaudy and Engelbrecht (51) investigated the metabolic patterns 

of glucose-acclimated activated sludge exposed to different nitrogen 

levels. They found that the major difference in the biochemical compo-

sition of sludge from a system of nitrogen versus sludge from a system 

with adequate nitrogen was that, under nonproliferating conditions, 

carbohydrate was the major product accumulated, whereas under growing 

conditions, protein was the major synthesis product. It was further 

found in their study that protein synthesis continued in the endogenous 

phase and cellular carbohydrate served as the carbon source. 

Using activated sludge grown on yeast extract and glucose, Walters 

et al. (52) studied the influence of the "F/M ratio" on the synthesis 

of cellular carbohydrate and poly-S-hydroxybutyrate. When their re-

sults were expressed as maximum percent of substrate COD converted to 

carbohydrate COD, it was seen that between F/M ratios of 0.78 and 4.3 

a constant maximum of 40 percent of the substrate was converted to 

carbohydrate. However, beyond an F/M ratio of 4.3, carbohydrate stor-

age rapidly decreased, indicating that more substrate was diverted to 

replicative pathways rather than storage. 

Wilkinson (53) suggested that glycogen and poly-S-hydroxybutyrate 

are the most common forms of storage materials in bacteria. He further 

suggested that polyglucoses and lipids act as alternative reserves 

depending upon the bacterial species and upon the nature of the carbon 
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and energy source. All Enterobacteria can store glycogen while most 

Bacillus species can store poly-S-hydroxybutyrate. 

3. Endogenous metabolism 

Yield coefficients are generally observed to be lower at 

lower growth rates (54). Herbert (55, 56) postulated that decreased 

yield at low growth rates is due to the fact that, in addition to 

anabolism, cells also have a constant endogenous metabolism. However, 

Button and Garber (57) presented evidence which indicated that endo-

genous metabolism varies with the growth rate. 

Endogenous metabolism has been interpreted in two different ways. 

According to Herbert (56), cell substances are oxidized to co2 for 

deriving energy for cellular functions other than synthesis of macro-

molecules. However, Marr et al. (58) state that the lower yield is 

due to the diverting of a portion of the substrate to processes that 

do not result in an increase of biomass. 

Many investigators refute Herbert's thesis by proposing that 

metabolism at the expense of cellular reserves occurs only under con-

ditions of near starvation (59-61). The suggestion, by Herbert (55), 

that in the presence of energy substrate, preformed macromolecules are 

metabolized for the derivation of energy, is against the principles of 

cell economy. It appears that it is more profitable for the cells to 

derive energy directly from catabolism of the carbon source rather than 

synthesize cellular constituents and then catabolize them (62). 

The energy realized from endogenous metabolism is termed the 

energy of maintenance; that is, the energy consumed for functions other 
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than production of new cell materials (63). Harrison (64) says that 

energy of maintenance is required by a cell in the form of ATP at all 

growth ~ates for motility, active transport of nutrients across the 

cell wall, hydrolysis of proteins and nucleic acids to their consti-

tuent monomers and resynthesis of other micromolecules from monomers, 

transport of metabolites from one part of the protoplasm to another, 

cell division, tactic response, and other functions. 

4. Cell yield 

Cell yield is the fraction of organic substance channeled 

into biosynthesis. Placak and Ruchhoft (49) reported sludge yields on 

carbohydrate wastes in the range of 65 to 85%. Hoover et al. (65), 

using COD as a parameter, found that two-thirds of the carbon sources 

in dairy waste was assimilated into synthesis. Sawyer (66) tabulated 

data from many sources and concluded that sludge yields in the range 

of 50 to 60% can be expected. Gaudy and Engelbrecht (51) obtained a 

cell yield of 60% using glucose as a substrate. McKinney (67) has 

concluded that two-thirds of the ultimate oxygen demand of the organic 

matter being metabolized is converted into cellular masses. However, 

McWhorter and Heukelekian (68) have reported on studies using glucose 

as the substrate wherein cell yields from 28 to 35% were obtained. 

McCarty (69) has reported that for glucose, 0.55 grams of dry solids 

will be produced with the consumption of one gram COD. Long term 

studies by Ramanathan and Gaudy (70) indicated a statistical range of 

yields from 48 to 82% from cells grown on glucose minimal medium using 

ammonium ion as the source of nitrogen. 
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From studies in forty-one batch experiments, Yu (71) . has reported 

that the cell yield in the glucose systems averaged 47.9%, and in 

glycerol systems, 42.5%. The average yield in the glucose-glycerol 

combined system was 45.2%. 

Servizi and Bogan (72) found a correlation between sludge produc-

tion and free energy of oxidation of the substrate, based on hetero-

geneous culture yields for several compounds, and thus concluded that 

cell yield is dependent only on the Gibb's free energy of oxidation of 

the substrate. However, Bauchop and Elsden (73) and Hetling and Washing-

ton (74) refute this claim. These workers showed that growth yield is 

dependent on the yield of ATP (Adenosine Triphosphate) per mole of sub-

strate assimilated, a quantity not necessarily related to theoretical 

COD, free energy, or enthalpy change of substrate during metabolism. 

As a consequence, cell yields may be different even for the same or-

ganism utilizing the same substrate depending on the environment (aerobic, 

anaerobic, etc.) and the metabolic pathway used. Furthermore, the yield 

is higher in complex media because some of the building blocks for proto-

plasm are readily available and more ATP can be diverted for polymer 

synthesis. Ghosh (62) proposed that cell yield is indicative of the 

fraction of net ATP production (which is dependent on environmental fac-

tors and the nature of microbial species) available for synthesis of 

polymers of biomass as well as on that fraction diverted for other energy 

requiring functions. Gaudy and Ramanathan (75) also considered that 

the determining factor in yield values for heterogeneous populations is 

the popular microbial species which are included in those populations. 
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D. Flocculation of Bacterial Cells 

Mixed liquor from the aeration tank flows to a secondary sedi-

mentation tank where the biomass is separated from the liquid, If the 

full potential of the activated sludge system is to be realized and a 

high quality effluent produced, the separation process must be rapid 

and efficient. 

1. Proposed mechanisms of bacterial agglomeration 

Efficient separation of the biomass from the liquid waste 

stream requires the floes to be of sufficient size to settle rapidly. 

Many theories have been proposed to elucidate the mechanism of bac-

terial agglomeration. Boyle, et al. (76) proposed that certain micro-

organisms present in the system secreted extracellular slimes which 

caused agglomeration by entrapment of free organisms. However, McKinney 

found that bacteria which did not produce extracellular slimes could 

also flocculate (77). He proposed the idea of high and low energy 

flocculation. At high food to microorganism (F/M) ratios, the bacteria 

realized high available energy and could remain dispersed; conversely, 

at low food to microorganism ratios the bacteria realized low available 

energy and were unable to maintain their dispersed state. 

The most recent theory of bacterial agglomeration is that of 

polymer-bridging (78-80). Such a model proposes that aggregation of 

bacterial cells is the result of interaction of naturally produced, 

high-molecular-weight, long-chain polyelectrolytes with bacterial cells 

in such a fashion that the polyelectrolytes bridge the cells into an 

aggregate. 
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Tenny ~ al. (81) found that extracellular polymers were accumu-

lated by cells. These authors proposed that with greater sludge ages 

a larger quantity of polymers per unit mass of cells accumulated and 

thus bioflocculation was enhanced, 

2. Filamentous growth 

Sludge bulking occurs when filamentous microorganisms con-

stitute a significant portion of the total biomass. This condition 

causes a marked decrease in sludge settling velocity in the clarifier 

and a relatively high sludge volume index (SVI)(82). 

Earlier investigators thought bulking was caused by Sphaerotilus 

~· but later studies have shown that a variety of species are to blame 

including several types of sulfur bacteria and fungi (83). Factors 

which have been designated as facilitating the propagation of filamen-

tous takeover include low pH, low oxygen tension, high co2 concentra-

tions, high F/M ratios, mixing regime, and high oxygen tension (84-88), 

To control bulking caused by filamentous growths, chlorination 

of the wastewater or of the return sludge has been practiced (89). 

Finger (90) added alum and found that after two days the SVI had dropped 

sufficiently for the alum dosage to be discontinued. Anderson and 

Hammer (91) found that BOD removal was unaffected by alum addition, but 

a near complete loss of viable protozoa was experienced with alum 

dosage in excess of 15 mg/l. 



CHAPTER III 

KINETIC CONSIDERATIONS 

The kinetic approach to the activated sludge process emphasizes 

the changes in chemical components of the waste during treatment. The 

biological nature of activated sludge is _largely ignored and the sludge 

is considered as if it were some type of heterogeneous catalyst which 

increases in mass when aerated in the presence of organic wastes and 

decreases in mass when aerated after the organic matter has been removed 

from the waste. It is basically an approach which attempts to describe 

the rate of removal of organic matter from the waste and the rate of 

change in the sludge mass by equations analogous to some of those used 

in chemical kinetics. 

Steady-state reaction models have been used extensively to de-

scribe the activated sludge process. In 1950 Monad (92) and Novick and 

Szilard (93) introduced into the field of microbiology an empirical 

expression which relates logarithmic growth rate to substrate concen-

tration. Using data from batch experiments, the equation yields a 

rectangular hyperbola if growth rate is plotted against initial sub-

strate concentration, and the curve becomes asymptotic to the maximum 

non-substrate-limited exponential growth rate attainable by the par-

ticular system under the environmental conditions employed. 

In the wastewater treatment field there are two major approaches 

34 
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to describing the dependence of growth rate upon substrate concentration. 

One approach utilizes the Monad equation, and adopts it to activated 

sludge kinetics. The second approach finds its basis in the work of 

Garrett and Sawyer (94). Whereas the Monad relationship predicts that 

the ~ogarithmic growth rate is a·continuous function of substrate con-

centration up to the concentration of substrate at which growth rate 

becomes a maximum, Garrett and Sawyer expressed the relationship between 

rate of growth and substrate concentration as a discontinuous function. 

For a completely mixed reactor at steady-state the rate of growth was 

considered constant above a critical substrate concentration while below 

this value the rate of growth was directly proportional to the remaining 

substrate concentration. 

In the discussion to follow, the fundamentals of bacterial growth 

will be briefly reviewed prior to a development of the kinetic models 

of Herbert (95) and Lawrence and McCarty (96) which are based on the 

Monad equation and the kinetic model of Eckenfelder (97-102) which is 

based on the discontinuous model of Garrett and Sawyer (94). 

A. THE BACTERIAL GROWTH CYCLE 

When a small number of viable bacterial cells are placed in a 

medium containing excessive food supply in a suitable environment, con-

ditions are established in which unrestricted growth takes place. Cell 

growth reflects the functioning of the enzyme system leading to the 

addition of macromolecular products to the protoplasm. However, addi-

tion of protoplasmic mass and growth of an organism do not go on in-

definitely and, after a characteristic size is reached, the cell divides 
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due to hereditary and internal limitations. With many species, the rate 

of growth of an individual cell may follow a sigmoid growth curve, the 

growth being least just prior to and after cell division (103-105). 

Analysis of the sigmoid curve reveals a complex and characteristic 

cycle of physiologic and metabolic phenomena. The different phases of 

the cycle are denoted by slope changes along the growth curve (103). 

The characteristics of the various phases of growth (Figure 6) as de-

fined by Monod (106) are sunnnarized below: 

1. Lag phase:--adaptation to a new environment; long generation 

time; null growth rate; cell size and rate of metabolic activity maximum 

at lag phase. 

2. Acceleration phase:--decreasing generation time and increas-

ing growth rate. 

3. Exponential phase:--minimal and constant generation time; 

maximal and constant growth rate; maximum rate of substrate conversion 

and product formation; achievement of steady state as indicated by 

nearly constant ratio of DNA/cell, RNA/cell, protein/cell, constant cell 

density and constant and minimum cell size. 

4. Retardation phase:--increasing generation time and decreasing 

growth rate due to gradual decrease in food concentration and increased 

accumulation of toxic metabolites; increasing death rate. 

5. Stationary phase:--exhaustion of nutrients, high concentra-

tion of toxic metabolits, maximum physical crowding; multiplication 

rate balanced by death rate; null growth rate. 

6. Phase of decline:--endogenous metabolism, high death rate, 

lysis; multiplication over-balanced by death rate. 
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It should be emphasized that the growth cycle described is not a 

fundamental property of the bacterial cells but is a consequence of 

their interaction with the environment in a closed system. It is pos-

sible to maintain the cells in the exponential phase of growth for long 

periods of time when an open system such as a continuous flow-no recycle 

process, is used. 

B. RATE OF CELL GROWTH 

Two factors must be distinguished when growth processes are inves-

tigated: the increasing biomass and the resulting growth increment of 

each cell. Sometimes the increment immediately splits off from the 

cell. However, in most cases the increment is added to the growing 

biomass and increases the latter. 

Two parameters are used for the quantitative determination of 

growth (13): (a) the absolute (gross) growth rate, and (b) the relative 

(specific) growth rate. 

The total growth rate U represents the absolute increment of bio-

mass per unit of time. In a differential form it can be expressed as 

u = Pt- (2) 

where dx is the increment of microbial biomass for the differential 

period dt. 

The specific or relative growth rate µ is the increment per unit 

of growing biomass per unit time: 

1 (3) x 



39 

From differential calculus it is known that 

d(ln x) 
dx 

1 
x 

and substituting for l/x in equation (3) gives 

d(ln x) 
µ = dt 

(4) 

(5). 

The relationships between specific growth rate, absolute growth 

rate, and the form of the bacterial growth curve are given in Table 4. 

It should be noted that when the specific growth rate is decreasing 

the absolute growth rate may be decreasing, progressing uniformly, or 

increasing. However, a constant or increasing specific rate is in-

variably associated with increasing growth. 

C. CONTINUOUS CULTIVATION OF MICROORGANISMS 

The growth of microorganisms has two major characteristics: (a) 

specific growth rate and (b) culture yield; i.e., the net amount of 

biomass obtained. Both of these are highly susceptible to changes in 

environmental conditions·. 

In a batch type of culture the specific growth rate remains con-

stant only during the brief exponential phase. Thereafter growth comes 

to a stop because of the gradual· changes in the composition, or the 

medium. This problem can be circumvented by employing a continuous 

culture process. 

The theoretical aspects of continuous cultivation were first con-

sidered by Monad (92) and Novick and Szilard (93). These workers inde-

pendently demonstrated that the relationship between the residual 
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TABLE 4 

POSSIBLE RELATIONSHIPS BETWEEN SPECIFIC 

AND ABSOLUTE GROWTH RATES (13). 

Specific Growth Rate 

decreasing rapidly 

decrease is inversely 
proportional to the 
increase in biomass 
(µ = constant/X) 

decreasing slowly 

constant (µ = c) 

increasing 

Absolute Growth Rate 

decreasing 

constant (U = c) 

increasing slightly 

increasing in geomet-
ric progression 
(U = ex) 

increasing more 
rapidly than in 
geometric progression 

Trend of Growth 

very retarded 

uniform (straight 
line) 

accelerates slightly 

accelerates in geomet-
ric progression 
(exponential) 

accelerates sharply 
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concentration of a limiting nutrient and the specific growth rate of a 

microorganism can be expressed by the equation 

where 

- µms 
µ -QS 

µ = exponential specific growth rate, (Time-1) 

(6) 

µm = maximum value of µ at saturation concentrations of sub-
strate (Time-1) 

S residual substrate concentration, mass/volume (M/V) 

Ks= saturation constant numerically equal to the substrate 
concentration at which µ = µ m/2, (M/V) 

From equation (6) it is seen that exponential growth can occur at speci-

fie growth rates having any value between zero andµ ID' provided the 

substrate concentration can be held constant at a given value. Any 

system designed for the continuous cultivation of microorganisms en-

ables the condition to be met. The activated sludge process can be 

considered to approximate such a system. 

1. Herbert's Equations for the design of a 
completely-mixed system with solids return (95) 

and since 

Assuming: 

x = concentration of mixed liquor volatile 
suspended solids (MLVSS), (M/V) 

t =hydraulic detention time, (Time), 

µ = dx/dt 
x 

substituting for µ in equation (6) gives 

(3) 

(7) 
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where dx/dt represents the change in solids concentration for exponen-

tial growth conditions. 

By definition, yield, Y, equals the increase in biomass on the 

consumption of a unit weight of substrate. Therefore, Y can be inter-

preted mathematically as 

y = dx 
ds 

Since the rate of substrate removal can be written as 

from which 

ds dx ds 
dt = dt dx' 

dx = ds/dt 
dt ds/dx' 

then substituting for dx/dt in equation (7) gives: 

ds _ fi X _s_·1 ds 
dt - Lm Ks+s_ dx· 

A further substitution from equation (8) for ds/dx yields: 

(8) 

(9) 

(10) 

(11) 

(12) 

A flow diagram of a completely-mixed continuous flow activated 

sludge process with recirculation is shown in Figure 7. 

The following nomenclature is employed: 

S0 influent substrate concentration, (M/V) 

S = soluble substrate concentration of the effluent from the 
aeration tank and the secondary clarifier, (M/V) 

X concentration of microorganisms in the mixed liquor, (M/V) 

Xe = concentration of microorganisms in the effluent from the 
secondary clarifier, (M/V) 

Xr = concentration of microorganisms in the sludge return 
line, (M/V) 
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Figure 7--Flow diagram of completely-mixed continuous flow activated 
sludge process with recirculation (after Herbert, 95). 
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Q = influent flow rate, (V/T) 

V = volume of aeration tank, (V) 

R = recirculation ratio 

C = concentration factor of recycled sludge (C.:_l) 

A materials balance for microbial mass entering and leaving the 

secondary clarifier gives: 

(l+R)QXe + RQCX 

or 

Xe 
X - 1 + R - RC (14) 

A materials balance for microbial mass entering and leaving the 

aeration tank gives: 

increase = feedback - outflow + growth 

or 

Rearranging into the form 

dx = Rcx__Q. - (l+R)x.9. + µmX(-5-) dt --y V Ks+S 

at steady-state 

dx = 0 
dt 

therefore, 

(. S ) = (1 + R - CR) g_ 
µm K +s v s 

(15) 

(16) 

A materials balance for substrate around the aeration tank alone 

gives 

increase = input + feedback - outflow - consumption 
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or 

v <:~) = QSo + RQS - (l+R) QS - Em~ <K:+a v 

Rearranging into the form 

ds = s Q + RQS - (l+R) QVS - µ m_yx s 
dt 0 v V K8 +S 

At steady-state 

therefore, 

ds -= 0 dt 

substituting for µm (S/Ks+S) . from equation (16) and simplifying, 

equation (18) becomes 

!_ (l+R-CR)Q = S Q QS y v 0 v v 
Solving for X yields 

y 
X = (l+R-CR) (So-S) 

Substituting for X from equation (14) yields 

If equation (19) is arranged into the form 

X(l+R-CR) 
y 

multiplying both sides of the equation by Q gives: 

or 

Q(So-S) = (l+R-CR)x Q 
y 

ds (l+R-CR) x Q 
dt = y 

(17) 

(18) 

(19) 

(20) 
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substituting for ds/dt from equation (12) gives: 

= (l+R-CR) x Q 
y 

Simpifying and solving for S the following equation is developed: 

s = Ks(l+R-CR)Q 
µm(l+R-CR)µmQ 

(21) 

As the concentration of return sludge is Xr, then the concentra-

tion factor will be 

c = xr 
x 

Substituting for C in equation 

x = 
y (S0 -S) 

(l+R XrR) x 
or 

R = X-Y(So-S) 
Xr-X 

(19) gives: 

(22) 

For the purpose of acquiring the acceptable quality in the ef flu-

ent (S) under influent flow rate (Q) at organic concentration (S0 ), 

sludge recycle and biomass concentration in the mixed liquor must be 

controlled. However, cell yield (Y), saturation constant (Ks), and 

maximum growth rate constant (µm) control the operation and design since 

these variables are dependent upon waste characteristics and operation 

environment. Batch studies or once-through continuous flow studies 

are generally used to assess the values of Y, Ks and µm. 

If. a batch study is used the Monod equation is rearranged into 

the linear fonn 

(23) 
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By plotting l/µ versus l/S a graph similar to that shown in Figure 8 

is obtained. From the slope and intercept of this graph, values for 

Ks and l1m can be calculated. Cell yield (Y) is calculated from the 

equation 

where 

y = t:.x 
t:.S 

6X = increase in biomass concentration 

(24) 

t:.S = concentration of substrate removed or substrate utilized 

For a once-through continuous flow study, a flow system similar 

to that shown in Figure 9 is employed. A materials balance for micro-

bial mass around the aeration tank gives: 

or 

change = growth - loss in effluent 

V(dx) =µXV - QX 
dt 

Dividing through by V the resulting equation is 

dx = µX _ QX 
dt v 

At steady-state 

therefore 

dx = 0 
dt 

A materials balance for substrate around the aeration tank gives: 

or 

change = input - loss in effluent - consumption 

V(ds_) = 
dt 

QSo - QS - (µX) V y 

(25) 

(26) 
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l/µ 

= l/µ rn 

Figure 8--Plot of 1/µ vs l/S under batch conditions. 
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x 
Q Q 

Influent ~ v Effluent 
so S,X 

s 

Aeration Tank 

Figure 9--Flow diagram of completely-mixed once-through 
continuous flow system. 



so 

Dividing through by V the resulting equation is 

(27) 

At steady-state 

ds 
dt = 0 

therefore 

µ x = (So-s).9. y v 
Since µ Q/V 

x y =--
So-S (28) 

The values for Ks and µm are obtained the same as for batch studies. 

Using glucose as the sole carbon source for studies on the kinetic 

constants in the batch units and in the continuous flow apparatus, 

Gaudy et al. (107) reported that there was considerable variation in 

the values of Ks, µm, and Y at the various detention times. In general, 

µm values were lower for systems operating at the higher detention times 

and there was no discernible trend with detention time in the variation 

of Ks. The yield values obtained from batch experiments were consis-

tently lower than those obtained from the continuous flow reactor. These 

workers added that µm values of 0.5 - 0.6 hr-1 and Ks values of 75-125 

mg/l can be expected with yield coefficients of approximately 0.6. 

2. Lawrence & McCarty's equations for the design of 

a completely-mixed system with solids return (96) 

The equations developed by Lawrence and McCarty are based on 

the acceptance of two basic equations. The first basic equation relates 

the rate of substrate utilization to the concentration of microorganisms 
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in the reactor and to the concentration of substrate surrounding the 

organisms. This equation has the form 

(29) 

where 

k maximum rate of substrate utilization per unit weight of 
microorganisms, (T-1) 

This equation is simply a rearrangement of the Monod equation and can be 

developed as follows: 

also 

s 
µ = µm Ks+S 

µ = dx/dt 
x 

Substituting forµ, equation (6) becomes 

dx/dt = µ _s_ 
X m Ks+S 

(6) 

Since µm is defined as the maximum specific growth rate, it is possible 

to write 

(dx/dt)max 
X = µm 

Substituting for µm gives 

dx/dt 
x 

(dx/dt)max S 
X Ks+S 

Equation (8) given as 

dx y =-
ds 

was derived from the relationship 

(8) 
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This expression can be maximized to give 

Substituting from these two expressions gives 

or 

(dx/dt)max 
x 

Y(ds/dt)max 
y 

which gives 

ds KS 
dt = Ks+S 

where 

x 
y 

s 
(K +s) s 

K = maximum rate of substrate utilization 

On a per unit weight of microorganism basis, this expression becomes 

where 

k = maximum rate of substrate utilization per unit weight 
of microorganisms 

The second basic equation describes the relationship between 

absolute growth rate of microorganisms and rate of substrate utiliza-

tion as 

(30) 

where 

Kd =microorganism decay coefficient, (T-1) 

This equation was developed empirically from waste treatment studies 

and reported in 1951 by Heukelekian, Orford, and Manganelli (108). 
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Combining equations (29) and (30) leads to the relationship 

YkS 
µ =--- Kc1 Ks+S (31) 

In their development Lawrence and McCarty also emphasize the 

importance of the operational parameter called sludge age (0c) or 

biological, solids retention time which is defined as 

where 

(32) 

Xr = total active microbial mass in treatment system (m) 

(/iX/~t)r = total quantity of active microbial mass withdrawn 
daily, including those solids purposely wasted 
as well as those lost in the effluent, (m/T) 

A flow diagram of the completely-mixed continuous flow activated 

sludge process with sludge recycle as described by Lawrence and McCarty 

is shown in Figure 10. 

The development of the model is based on the following assump-

tions: (a) all waste utilization occurs in the aeration tank and 

(b) the total biomass in the system is equal to the biomass in the 

aeration tank. 

From the definition of 0c, a mathematical expression for 0c for 

the system shown in Figure 8 is 

where 

0 c 

Qw =wastage rate of biomass from the system, (V/T). 

(33) 

A materials balance for microbial mass around the entire treat-

ment system gives : 



Aeration 
Tank 
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(l+R)Q 
X, S 

Secondary 
Clarifier 

1--------l':'• 

Figure 10--Completely mixed-solids recycle activated sludge system. 
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increase = growth - loss from system 

or 

Substituting from equation (31) for µ gives 

(dx)V =j1ks - KJ XV - QwXr + (Q-Qw)Xe 
dt !Is+S ~ 

Further substituting from equation (29) for kSX/Ks+S and from equation 

(33) for QwXr + (Q-Qw)Xe gives 

(~~)v = ~~: - Kd 3- ~ 
At steady-state 

dx 
dt = O, 

then 

1 = Y ds/dt 
Elc X 

(34) 

An expression for S can be obtained by substituting for ds/dt from 

equation (29). This substitution gives: 

1 YkS 
Elc = Ks+S - Kd' 

or 

1 YkS 
G + Kd =K+S c s 

Expanding this expression gives 

or 

Ks(l/Elc + Kd) 
Yk-(1/Elc + Kd) = S 

Multiplying the left side of the equation by Elc/Elc gives 

(35) 



or 

Ks (l+KciE>c 
E>c(Yk-Kd) - 1 = S 
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(36) 

With the two basic assumptions originally made and considering 

that the substrate loading from the return flow is negligible, it is 

possible to write, for a finite time basis 

and since 

Equation 

ds 
dt -

the 

t 

(36) 

ds 
dt 

Q(So-S) 
v 

hydraulic 

v 
Q ' 

becomes 

(So-S) 
t 

detention, t, is given 

(37) 

by 

(38) 

Substituting from equation (37) for ds/dt in equation (34), the follow-

ing expression can be obtained for the concentration of microorganisms 

in the reactor: 

X = E>cY(So-S) 
t(l+KdE>c) 

(39) 

An expression for the recycle rate, R, can be obtained by making 

a materials balance for microbial mass around the aeration tank alone. 

This gives: 

increase = recycle + growth - washout, 

or 

(dx)V 
dt 

At steady-state 

dx 
dt = 0 

ds = RQXr + [Ydt - KdX]V - (l+R)QX. 
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therefore 

ds QX + RQX + KdXY - RQXr 
dt = YV 

Substituting from equation (34) for ds/dt gives 

or 

R = (t/8c-l) 
(1 - Xr/X) 

(40) 

The important thing to be noted in this development is that the 

major difference between Herbert's model and Lawrence and McCarty's 

model is that Lawrence and McCarty gave consideration to an energy of 

maintenance or microbial endogenous respiration term. 

Again it is important to note that the values for the constant 

terms appearing in the equations, in a large measure, depend on the 

specific waste to be treated. Their values are normally determined from 

once-through continuous flow studies. 

Referring to Figure 10, a materials balance for microbial mass 

around the aeration tank gives 

or 

increase = growth - loss in effluent 

(dx)V 
dt 

ds = [Y~ - °KdX]V - QX dt 

At steady-state 

dx 
dt = o, 

therefore, 
Q VTldS -X = .ivdt KciXV, 
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or 

QX = yds _ KcIX. 
v dt 

(41) 

Using the fact that on a finite time basis 

ds Q(So-S) 
dt v 

and that for a once through system, t = Ge, equation (41) becomes 

Q(So-S) = K<i + 1:_ G (42) 
xv y y c 

This equation is in linear form and by plotting Q(S0 -S)/X versus Ge, 

values for Y and Kd can be obtained. This is illustrated by Figure 

11. 

K8 and k are found by rearranging equation (35) into the forms 

and, 

Ks = ~-,-Y_k_S~~
( l / G c + Kd) 

- s 

k = [(l/Gc + Kd)(Ks+S)] 
YS 

(43) 

(44) 

If Y and KcI are known the system can be operated at two different Ge's 

and values for Ks and k can be obtained by entering one set of values 

into each of equations (43) and (44). 

3. Eckenfelder's Equations for the design of a 

completely-mixed system with solids return (97-102) 

Figure 12 shows the relationship between substrate utiliza-

tion rate and substrate concentration given by equation (29) which is 

the continuous function model. For the limiting case when S is much 

greater than K8 , the equation (29) reduces to 

ds 
dt = kX. (45) 



1 
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Figure 11--Plot of Q(S0 -S)/XV vs 8c. 
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dS/dt 
x 

Substrate Concentration (S) 

Figure 12--Schematic representation of Monod's model of 
substrate removal rate as a function of sub-
strate concentration. 
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Also, for the final limiting case, when S is much less than Ks, the 

equation reduces to 

where 

ds = K'XS 
dt ' 

K' =..!._ K . s 

(46) 

Equation (45) is a zero order reaction with respect to substrate con-

centration while equation (46) is first order. Figure 13 shows the 

relationship between substrate utilization rate and substrate concen-

tration given by the discontinuous model. 

As discussed earlier, Eckenfelder's equations are based on the 

discontinuous model originally proposed by Garrett and Sawyer (94). 

McKinney (109) argues that for the completely-mixed process with recycle 

the discontinuous model is the more valid. Since equation (29) 

ds = kSX 
dt Ks+S 

was developed from a completely mixed system without recycle, he pro-

poses that recycle artificially increases the biomass, X, beyond the 

natural limits of the system. Such action changes the relationship 

between S, X and ds/dt to that described by the disco~tinuous model. 

If the loading to the process is assumed constant and the amount of 

the biomass recycled gradually increased, it will be seen that the 

initial rate of metabolism will be directly proportional to the food 

concentration and the microbial mass until a point is reached where 

there is excess microbial mass. A further increase in biomass will 

not increase the rate of metabolism as the rate of metabolism is limited 
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~ 
maximum rate (k) 

ds/dt = K'S x 

Substrate Concentration (S) 

Figure 13--Schematic representation of the discontinuous 
model of substrate removal rate as a function 
of substrate concentration. 
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by the concentration of substrate. Thus, in most activated sludge sys-

terns employing recycle the rate of substrate metabolism is given by 

where 

ds 
dt - KS, (47) 

K =overall substrate utilization rate, i.e., amount of 
substrate utilized per unit of substrate remaining per 
unit time. 

This equation states that the rate of substrate metabolism in an excess 

of microbial mass is dependent upon the substrate concentration, S. 

where 

In his development, Eckenfelder uses this equation in the form 

ds = K'XS dt , (46) 

K' =specific substrate utilization rate, i.e., the substrate 
utilized per unit biomass per unit time. 

From a completely mixed system with recycle (Figure 8) a materials 

balance with respect to substrate around the aeration tank gives 

increase = input + recycle - utilization - loss in effluent 

or 

V (ds) · 
dt T = QS0 + RQS - fdslv @filu 

At steady-state 

(ds) = 0 
dt T 

and, therefore, 

(ds)V = QS~ - QS • 
. dt u 

- (1 + R)QS. 

Substituting for ·(ds/dt)u from equation (46) gives 

kXVS = Q(S0 - S) (48) 
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which reduces to 

So 
s = kXt + 1 (49) 

Eckenfelder accepts the validity of equation (30) in his develop-

ment and uses it extensively. Hence, his equations for X and R would 

be identical to those of Lawrence and McCarty. 

The value of k in equation (49) can be evaluated by employing a 

once through continuous flow unit. The value of k would be the slope of 

the line obtained by plotting (S0 - S)/Xt versus S. Such a plot is 

shovm in Figure 14. 

The total oxygen requirements of the organisms in a biological 

system is related to the oxygen required for synthesis and that re-

quired for energy of maintenance. The term relating to the oxygen 

required for synthesis and maintenance is the milligrams of oxygen 

utilized per milligram of Biochemical Oxygen Demand (BOD), COD or 

total organic carbon (TOC) removed, and is designated a'. The amount 

of oxygen consumed for energy of maintenance is proportional to the 

biological solids present and is indicated by term b' with ~he units 

of T-1. Therefore, the total oxygen required for synthesis and ei.ergy 

of maintenance is 

where 

02 utilized 
time 

al (So - Se = t ) + b'x 

a' = oxygen use rate coefficient for synthesis 

b' = energy of maintenance use rate coefficient 

To obtain a more useful form of the equation, let the change of oxygen 

concentration with time equal rr (oxygen uptake rate). The specific 
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Slope k 

s 

Figure 14--Plot of (S0 -S)/Xt vs S. 
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uptake rate, Kr, will then equal rr/X. The resulting equation is 

x 
So - Se 

=a'( )+b' t -= 

or 

Kr=a'q+b' (50) 

An arithmetic plot of Kr versus q allows the estimation of a' and b' for 

the particular waste involved. Such a plot is shown in Figure 15. 

The kinetic approach to the study of activated sludge has re-

sulted in a much greater understanding of the process, and concepts 

developed by these research studies are of great practical value. Both 

the Eckenfelder and Lawrence and McCarty methods have been successfully 

applied to the activated sludge process and to the author's knowledge 

no one has been able to show, for the general case, the superiority of 

one model over the other. 

D. THE CONCEPT OF OBSERVED YIELD 

Sherrard and Schroeder (9) propose that net microbial growth is 

best described by the equation 

where 

dx -= dt 
y . ds 

obs dt' 

Yobs = variable observed yield coefficient. 

(51) 

From their work these authors show that as the sludge age increases, 

the new biomass produced decreases. This relationship was shown earlier 

in Figure 3. 

Equation (51) is basically the same as equation (30) 

dx 
dt 



67 

intercept b' 

q 

Figure 15--Plot of rr/X vs q, 
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except that equation (30) requires that the maintenance requirement be 

subtracted from the theoretical yield, whereas equation (51) described 

the actual yield after the maintenan~e requirement has been considered. 

Lawrence and McCarty (96) developed the following equation to show 

the relationship between sludge age and specific substrate removal rate 

for a completely mixed system with recycle 

_!_ __ y ds/dt 
ec x - l<d· 

Rearranging and substituting for ds/dt from equation (51) gives 

1 K<i 1 
-- = - 0c + -Yobs Y Y 

as the relationship between Yobs and 0c• 

(52) 

Such a relationship can also be developed from the definition of 

specific substrate utilization rate, i.e., the quantity of substrate 

utilized by unit microbial biomass during unit time. This is a very 

unstable parameter which depends on the growth rate and a number of 

environmental factors. A~ previously discussed, part of the substrate 

utilized by an organism serves directly as building material for the 

growing biomass, or as a source of energy necessary for growth, while 

the rest is channeled into the maintenance function. The material and 

energy requirements for biosynthesis vary widely according to the growth 

rate while the maintenance requirement is relatively constant until 

the cell loses its viability and dies. Thus, the total specific sub-

strate utilization rate is the sum of the two values (13): 

q = aµ + b, (53) 

where 

a = substrate utilized to form a unit biomass, 
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b = substrate utilized for the maintenance function per unit 
time (T-1), 

q =specific substrate utilization rate, i.e., ds/dt/X, (T-1). 

At a high rate of growth the first component in equation (53) is much 

larger than the second. As growth slows down, the first component 

decreases, reaching zero at µ = 0 for which q = b. For an activated 

sludge process at steady-state, µ = l/0c. Thus, by controlling the 

sludge age one controls the specific growth rate. For large sludge 

age µ and the first component of equation (53) is small, implying that 

the majority of the substrate removed goes to the maintenance function 

rather than for growth. 

Writing equation (51) in the form 

y _ dx/dt 
obs - ds/dt 

and multiplying the right side by X/X gives 

dx/dt 
x 

Yobs - ds/dt 
x 

or 

yobs = ~ q (54) 

Substituting for q from equation (53) gives 

y - 1 
obs - a + b/µ (55) 

for which the dependence of the observed yield on growth rate is again 

seen. 

It is this equation that will be used to calculate the observed 

yield values for the various sludge ages employed in this research. 



CHAPTER IV 

EXPERIMENTAL PROCEDURE 

I. SYSTEM OPERATION 

All experimental work was conducted with completely mixed, 

continuous-flow laboratory units, shown schematically in Figure 16, 

operated in a controlled temperature chamber where the temperature 

was maintained at 20 + l°c. 

From the 20 gallon feed container shown in Figure 16, the 

substrate was pumped, through the action of a Manostat pump, to a con-

stant head tank located above the three reactors. Three latex rubber 

feed lines emerged from the constant head tank. These lines passed 

through a H~rvard Peristaltic pump which delivered substrate to each 

reactor at an average rate of 12 ml/min. Excess flow to the constant 

head tank overflowed back to the 20 gallon feed container. The flow 

delivered by the Harvard pump was monitored periodically. This re-

quired diverting the flow to a graduated cylinder by adjusting the 

three-way stopcock provided in each line. It was found that the pump 

would consistently deliver a flow very near 12 ml/min if the portion 

of rubber tubing that passed through the pump was changed periodically. 

Three completely-mixed cylindrical acrylic reactors were used in 

the system. The working volume for two of the reactors was 10.4 

liters while that for the third was 4 liters. Four 1-inch wide baffles 
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F 
Pure Oxygen 

Source 

A - Constant Head Tank 
B - Peristaltic Pump 
c - Air Flowmeters 
D - Motors 
E - Three-way 
F - Feed Tank 
G - Pump 
H - l" Baffles 
J - Diffuser 
K - Clarifiers 
L - To waste 

Stopcocks 

M - Recycle Pump 
N - Compressed Air 

Fig. 16--Schematic diagram of the experimental apparatus. 

....... 

...... 
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were evenly spaced inside each reactor to prevent vortexing. Aeration 

gas was dispersed inside each reactor by two porous stone diffusers 

located l~ inches from the reactor bottoms. Mechanical mixing was 

provided by l~xlx~ inch flat blade paddles mounted on 5/16 inch elec-

tric motor driven brass shafts. Two pairs of the paddles were mounted 

on the shaft of each of the large reactors while one pair was 

used on the smaller reactor. The substrate entered _ each reactor 

through a port mounted 1.5 inches from the reactor bottom. The sub~ 

strate was then uniformly blended with the biomass through the mixing 

action provided by the aeration gas and mechanical stirring. An 

attempt was made to maintain a velocity gradient within the range of 

-1 100 to 150 sec. ; however, because of inherent fluctuations in the speed 

of the electric motors this was not always possible. The procedure 

used for calculating the necessary conditions required to maintain the 

desired G value is outlined in Appendix A. 

The gas of aeration for the small reactor and one of the large 

reactors was high purity oxygen and that for the other large reactor 

was compressed air. The compressed air flow was regulated through the 

use of an aquarium valve in tandem with a Bendix flowmeter and filtered 

through cotton prior to its release in the reactor. Pure oxygen was 

purchased in standard 244 cubic feet cylinders. The flow of oxygen 

to the reactors was regulated by the series arrangement of two-stage 

Airco regulator, aquarium valve, and Bendix flowmeter. 

As substrate was constantly fed into the reactors an equal flow 

of mixed liquor was discharged from a port near the top of each re-

actor. The effluent passed into acrylic cylinders which served as 
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clarifiers. Each cylinder had a 6-liter working volume with a funnel 

mounted in the bottom. To the tip of each funnel was connected rubber 

tubing which passed through a Durrum pump and then connected to the 

influent feed line. Effluent entered each clarifier at mid-depth and 

followed an L-shaped glass connection to the tip of each funnel where 

it discharged into the clarifier. This arrangement provided for very 

efficient solids separation. There was very little sludge accumula-

tion in the clarifiers because of the continuous recycling action of 

the Durrum pump which maintained an approximate rate of 4 ml/min. 

Effluent from the clarifiers discharged directly to 5 gallon waste 

jugs. 

II. SYSTEM CONTROL 

The system was started by filling the small reactor with sludge 

to give a mixed liquor suspended solids concentration of 6000 mg/l, and 

filling each of the large reactors to give a MI.SS concentration of 

3000 mg/l. The activated sludge used to seed the reactors was obtained 

from the Corning Glass plant located east of Blacksburg, Virginia. 

This sludge was then placed in a large acrylic reaction tube located 

in the controlled temperature chamber. Aeration of the sludge was 

begun and acclimation to the substrate was accomplished over a three 

week period through a series of batch feedings. 

The composition of the substrate used in this study is given in 

Table 5. During the acclimation period the quantities of constitu-

ents reflected in Table 5 were diluted to 6 liters rather than 62 

liters and 3 liters of the concentrate was fed per day. To maintain a 



Component 

Nutrient Broth 

Glucose 

Yeast Extract 

MgS04 • 7 H20 

FeS04 • 7 HzO 

MnS04 • H20 

CaCl2 

(NH4) S04 

KH2P04 

KzHP04 

Tap Water 

COD ave 

BOD5ave 

TABLE 5 

SUBSTRATE COMPOSITION 

Quantity 

25 g 

9 g 

2 g 

1.26 g 

0.45 g 

0.8 g 

0.54 g 

13 g 

18 g 

49 g 

62 1 

520 mg/1 

338 mg/1 
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relatively constant volume of sludge during the acclimation period, 

aeration was stopped prior to feeding. This procedure allowed the 

sludge to settle so that the required volume of supernatant could be 

decanted and feed concentrate added. When continuous feed 

operation was begun, the substrate was prepared fresh every day. The 

constituents were initially prepared in small volumes to insure com-

plete solubilization. The individual components were then transferred 

to a conunon container and diluted to 18 liters. At this point a 

second transfer was made to the 20 gallon feed container where the 18 

liters was diluted with tap water to 62 liters and well mixed. 

Each day the pumping lines, the constant head tank and the sub-

strate reservoir were disinfected with a strong Chlorox solution to 

prevent growth which might affect. the quality of influent to the units. 

An attempt was made to brush down the inside walls of the reactors at 

least once a day to remove any adhering growth. However, it was found 

this practice induced a high rate of foaming which removed a large 

quantity of solids from suspension and deposited them on the reactor 

wall above the liquid surface and was thus discontinued. 

During the course of the study the mixed liquor pH was maintained 

near 7 through the use of a phosphate buffer system. It was found 

that in the oxygen systems there was a significant build-up of carbon 

dioxide because the low gas flow required to produce the desired DO 

was insufficient to strip the carbon dioxide, an end product of aerobic 

metabolism, from solution (110). To circumvent the use of large quan-

tities of buffer, air was used concurrently with oxygen so that the 

desired stripping could be achieved while holding the DO at the proper 
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level. 

The DO concentration in the mixed liquor was measured routinely 

with a YSI model 54 oxygen meter using a DO probe. The probe was 

lowered through a port in the top of each reactor and the instrument 

allowed to equilibrate before a reading was taken. Any adjustment in 

gas flow required to maintain a dissolved oxygen concentration of 1-2 

mg/l in the air system and 8-9 mg/l in the two oxygen systems was then 

made. 

Sludge age was used as the control parameter in this study. For 

the particular system employed, sludge age was assumed to be given by 

the equation 

or 

where 

e c 

~= 

v a 

v a 
e c 

V volume of aeration tank (liters) a 

Qw sludge wasting rate (liters/day) 

(56) 

In the development of equation (56) shown in Appendix B there are 

assumptions made which are not strictly valid. Because of this the 8 c 

predicted by the equation is not exact, although using it does provide 

sufficient control to approach a steady-state situation. For analysis 

purposes the actual 8 was calculated using equation (33). c 

To insure that steady state conditions prevailed when samples 

were taken for analysis, each unit was operated for a time period equal 

to at least 2 e . Parameters monitored daily and used as criteria 
c 
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to determine when steady state had been reached were pH, temperature, 

mixed liquor dissolved oxygen and mixed liquor volatile suspended 

solids. 

III. ANALYTICAL METHODS AND TECHNIQUES 

A. Sampling Procedure 

When it was ascertained that a steady-state had been reached for 

a specific sludge age, sample testing was conducted for two consecutive 

days before the wasting rate was changed. The general procedure fol-

lowed was to initially obtain a sample from the reactor and from the 

waste jug. Mixed liquor suspended solids and mixed liquor volatile 

suspended solids analyses were then performed on the two samples. Soluble 

COD analysis was performed on the reactor sample whereas total COD analy-

sis was performed on a small aliquot of feed from the substrate reservoir. 

Feed and recycle flow was then discontinued to the unit of interest and 

a sample was immediately taken for oxygen uptake analysis. Aeration was 

then begun on 500 ml of sludge for endogenous and exogenous oxygen 

analysis. During this period a volume of sludge equivalent to that 

required to be wasted for Ge control, was prepared for freeze-drying 

and subsequent biochemical analysis. Photomicrographs were then taken 

of a representative sample of biomass and the 500 ml of sludge used for 

endogenous and exogenous oxygen analysis was returned to the reactor. 

The mixed liquor was made up to its original volume by the addition of 

tap water, and the feed and recycle flow were then resumed. 
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B. Validity of the Use of COD and VSS Measurements 

In using the kinetic equations developed in Chapter III, approxi-

mations must be made for the substrate and organism concentrations. 

For the measurement of substrate concentration COD was selected in lieu 

of BOD because the latter analysis is time consuming and often gives 

non-reproducible results due to the varying degrees of oxidation during 

the test. BOD values also vary because of the oxidation of ammonia to 

nitrate that may take place during the test, espec i ally in activated 

sludge effluents. 

One drawback in the use of COD measurements to approximate sub-

strate concentration is that this analysis measured almost all the 

organic matter present without regard for its availability to micro-

organisms. 

The use of volatile suspended solids as a measure of activated 

sludge cell concentration also has limitations. Since it is a mass 

measurement, it includes both live organisms and dead but unlysed cells. 

Thus, the measurement of VSS takes no account of the activity of the 

organisms, and it is possible to have identical weights of VSS with 

widely varying activities. However, Jenkins and Garrison (111) have 

found that within the commonly encountered range of operation of the 

activated sludge process, the use of VSS as a measure of cell material 

does not cause serious errors in the kinetic predictions. 

C. Suspended and Volatile Suspended Solids 

Well mixed samples were filtered through Whatman GF/A glass fiber 

filters which were 2.1 cm in diameter. Filters, procedure, oven 
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temperatures and drying times were according to Water Pollution Control 

Federation publication No. 18, Simplified Laboratory Procedures for 

Wastewater Examination (112). 

D. Photomicrographs 

Photomicrographs were taken of all samples using an Olympus micro-

scope equipped with phase contrast and PM-6, a photomicrographic unit 

designed for taking full-size photographs on 35 mm film. An equal 

number of exposures was taken at magnifications of 100 and 200 for 

each sample. 

E. Chemical Oxygen Demand 

Chemical oxygen demand was determined by the Standard Methods 

dichromate reflux method using a silver catalyst (113). Chloride cor-

rections were made by the addition of mercuric sulfate. Membrane 

filters manufactured by the Millipore F~lter Corporation were used for 

soluble COD determinations. The pore size was 0.45 µ, and the diameter 

of the filters was 47 mm. 

F. Oxygen Uptake 

Oxygen uptake analysis was performed with a YSI model 54 oxygen 

meter equipped with a DO probe. For testing, a standard 300 ml BOD 

bottle was filled with mixed liquor from the reactor of interest. When 

reactor dissolved oxygen concentration was below 8 mg/l, the sample was 

first aerated. The YSI probe was then inserted in the top of the BOD 

bottle and DO concentration versus time was followed. 
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G. Endogenous and Exogenous Oxygen 

The procedure used for endogenous and exogenous oxygen was basic-

ally that given by Blok (114). It involved aerating a specific volume 

of sludge in an open respirometer and monitoring the relationship 

between DO concentration and time under various imposed conditions. 

A schematic diagram of the apparatus employed is shown in Figure 17. 

An outline of the procedure is as follows: 

1. Add 500 ml of sludge to the vessel, insert the BOD probe 

and aerate for approximately 30 minutes or until the meter 

reading remains constant. This implies there is only the 

respiration of cellular reserves and there is no exogenous 

respiration of substrate left. 

2. · Aeration is then stopped until a low oxygen concentration is 

reached. 

3. Aeration is then resumed and the DO concentration versus 

time is followed until a constant meter reading is reached. 

4. The oxygen transfer coefficient, K1a is then calculated by 

plotting log (Ce - Ct) versus time. The slope of the line is 

K1a. Ce is the DO concentration at equilibrium and Ct is the 

concentration at any time, t. 

5. The endogenous respiration rate is then given by 

Rend = ~a [C* - Ce] 

where c* is the DO concentration at saturation. 

6. At this point 50 ml of substrate is injected into the respiro-

meter and the change in oxygen concentration is again followed 
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Figure 17--Scheme of the Respirometer measuring vessel. 
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until the DO meter reading returns to its original equilibrium 

value. 

7. A respirogram is constructed by plotting K1a (Ce-C) versus 

time. Such a plot is shown in Figure 18. 

8. The area of the respirogram gives the total exogenous oxygen 

required for metabolizing that amount of substrate. A 

respirogram reflecting both endogenous and exogenous require-

ments is shown in Figure 19. 

H. Sample Preparation for Biochemical Analysis 

Since immediate biochemical analysis of the microbial cells was 

impossible the cells were stored in a freeze-dried state. This procedure 

was accomplished by centrifuging and washing the biomass twice with 

1 mM MgC12• The pellet was spread in a thin layer over a petri dish 

and quickly frozen. Freeze-drying was then accomplished in a vacuum 

desiccator by maintaining the sample under vacuum for 24 hours using 

phosphorus pentoxide as the desiccant. 

I. Cellular Protein 

The "phenol reagent" of Folin and Ciocalteur (115), essentially a 

phosphotungstic-phosphomolybic acid solution is reduced by phenols to 

"molybdenum blue" which may be determined colorimetrically. Proteins 

reduce the phenol reagent, which may be used for their determi nat ion . 

However, the amount of color produced varies with different proteins, 

since it is due almost entirely to their content of tyrosine and tryp-

- tophan. It has been found that pre-treatment of protei n with alkali 
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Figure 18--Respirogram from plotting K1a(Ce-C) vs Time. 
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Figure 19--Respirogram reflecting total oxygen required 
during the metabolism of a specific quantity 
of substrate. 
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and a trace of copper salt greatly increases the color development (116). 

Herbert et al. (117) have applied this modification to the analysis of 

whole microorganisms. This method was employed in the study and the 

procedure is as follows: 

1. Reagent solutions 

a. 5% Na2c0:3 
b. 0.5% CuS04 • 5H20 in 1% sodium potassium tartrate 

c. To 50 ml of reagent (a) add 2 ml of reagent (b); prepare 
innnediately before use and do not keep 

d. 1.0 N NaOH 

e. Folin reagent 

f. Protein standard: bovine serum albumin (200 µg/ml) 

2. Procedure 

a. Measure 100 mg of freeze-dried cells into an ordinary 
test tube and add 0.5 ml of distilled water. 

b. Add 0.5 ml of 1.0 N NaOH, place in boiling water bath 
for 5 minutes, cool in cold water. 

c. Add 2.5 ml of reagent (c), allow to stand 10 minutes, 
rapidly add 0.5 ml of reagent (e) using a blow-out 
pipette and mix immediately. 

d. Treat a reagent blank containing 0.5 ml of distilled 
water only instead of sample, and a set of standard pro-
tein solutions (50-200 µg protein) in the same way, 
including the heating stage. 

e. After standing for 30 minutes to allow full color de-
velopment, make appropriate dilution and measure absorbance 
against the reagent blank, using a wavelength of 750nm 
and 1 cm curvettes. 

J. Cellular Carbohydrate 

Simple sugars, oligosaccharides, polysaccharides, and their 
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derivatives, including the methyl ethers with free or potentially free 

reducing groups, give an orange-yellow color when treated with phenol 

and concentrated sulfuric acid. The reaction is sensitive and the 

color is stable. By use of this phenol-sulfuric acid reaction, Dubois 

et al. (118) developed a method to determine submicro amounts of sugars 

and related substances. Herbert et al. (117) modified their method from 

one used for analysis of pure sugars eluted from paper chromatograms to 

one used for the analysis of whole microbial cells. This method was 

employed in the study and the procedure is as follows: 

1. Reagent solutions 

a. 5% (W/V) solution of phenol in water 

b. Concentrated sulfuric acid 

2. Procedure 

a. Into Pyrex test tubes (16-20 mm dia) add lOOmg of freeze-
dried cells and 1.01 ml of distilled water 

b. A reagent blank containing 1 ml of distilled water, and a 
set of glucose standards (e.g., 25, 50 and 75 µg glu-
cose, in a volume of 1 ml) are prepared at the same time 

c. To all tubes add 1 ml of 5% phenol and mix; then, from a 
blow-out pipette add 5 ml of concentrated sulfuric acid, 
directing the stream of acid on to the surface of the 
liquid and shaking the tube simultaneously, to effect 
fast and complete mixing . 

d. Allow the tubes to stand for 10 minutes, then shake and 
place in a water-bath at 25° to 30°c for 20 minutes 

e. The absorbance is measured at 488 nm and follows Beer's 
law up to an absorbance of 1.0 

K. Cellular Lipid and Polyhydroxybutyrate 

Most of the lipid in microorganisms appears to be associated with 

cell wall and membrane structures and have to be extracted into organic 
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solvents before any analysis can be performed. It has been found that 

direct extraction with organic solvents of cell material removes only a 

small proportion of the total lipid (119). Hence, Salton (119) recom-

mends the following procedure for complete lipid extraction (except 

polyhydroxybutyric acid) and it was followed in this study: 

a. To a Pyrex test tube (16-20 mm dia) add 50 mg of freeze-dried 
cells, to this add 5 ml of 6 N HCl, cover tubes with foil and 
place in boiling water bath for 2 hours. 

b. The hydrolysate is extracted 5 times with diethylether in a 
separatory funnel, the extracts combined and evaporated to 
dryness in vacuo over P205. 

To determine the lipid content of microorganisms, extracts pre-

pared as described above are freed from solvent and dried to a constant 

weight. In this study this procedure was accomplished in the following 

manner: 

a. The initial residue was resuspended in 2 ml of diethylether 
and transferred to a tared weighing crucible and the solvent 
evaporated off in vacuo over P205. 

b. The dry weight of the lipid was then found. 

The extraction procedure described will not remove polyhydroxy-

butyrate [(C4H602)mJ from microbial cells. In this study the method of 

Law and Slepecky (120) was used for the determination of polyhydroxy-

butyric acid. This method is based on the fact that both S-hydroxy-

butyric acid and polyhydroxybutyric acid are quantitatively converted 

to crotonic acid by treatment with concentrated sulfuric acid at l00°c 

(121). When applying the method to whole bacterial cells, interfering 

substances can be removed by digesting the cells in sodium hypochlorite, 

followed by extraction of the polyhydroxybutyric acid into hot chloro-

form (120). The procedure employed in this study was as follows: 
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1. Reagent Solutions 

a. Bleach (Ghlorox) 

b. Acetone 

c. Pure ethanol 

d. Chloroform 

e. Concentrated sulfuric acid 

2. Procedure 

a. To small centrifuge tubes add 20 mg of freeze-dried cells, 
add 1 ml of bleach and digest at 37°C for 1 hour 

b. After digestion add 4 ml of distilled water to each tube, 
mix well, centrifuge, remove and discard the supernatant 

c. Wash the lipid granules with 5 ml of acetone, mix well, 
centrifuge, remove and discard the supernatant 

d. Wash the lipid granules with 5 ml of ethanol, mix well, 
centrifuge, remove and discard the supernatant 

e. Add 3 ml of chloroform to each tube, place tubes in 
boiling water bath for 1 minute, cool, centrifuge, 
remove supernatant and place in 10 ml graduated cylinder 

f. Repeat (e) twice more, combine each extract in 10 ml 
graduated cylinder 

g. Make up final volume in graduated cylinder to 10 ml with 
chloroform 

h. Pipette 1.0 ml of the chloroform solution into a pyrex 
test tube and evaporate chloroform off in boiling water 
bath 

i. 10 ml of concentrated sulfuric acid is added to each tube, 
the tubes are covered and placed in boiling water bath 
for 10 minutes. 

j. Read absorbance at 235 nm against a blank of sulfuric 
acid 

k. The molar extinction coefficient of crotonic acid in 
concentrated sulfuric acid at 235 nm is 1.56 x 104, 
and polyhydroxybutyric acid gives an identical value, 
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assuming an average residue weight for the polymer of 
c4H6o2 = 86. Hence an absorbance of 0.1 at 235 nm 
corresponds to a polyhydroxybutyric acid concentration 
of 0.551 mg/ml . Absorbance is proportional to poly-
hydroxybutyric acid concentration to to 3 g/ml (ab-
sorbance 0.544) 

L. Cellular Deoxyribonucleic Acid and 
Ribonucleic Acid 

Nucleic acid analysis of microorganisms often presents diffi-

culties which are not encountered with animal tissues, and seriously 

interfere with the standard analysis procedures given for use with 

animal tissue. For example, the cell walls of many microorganisms 

are completely resistant to standard extraction procedures used for 

nucleic acid analysis of animal tissue (117). Thus, for the complete 

extraction of RNA and DNA from microorganisms, Herbert et al. (117) 

recommend the following procedure which was used in this study: 

1. Reagent solutions 

a. 0.25 N HC104 

b. 0.50 N HC104 

2. Procedure 

a. To small centrifuge tubes add 60 mg of freeze-dried cells, 
place in ice bath and add 5 ml of ice cold 0.25 N HCl04 
to each tube, allow to stand for 30 minutes in ice bath 
with occasional shaking. 

b. Centrifuge, remove and discard supernatant 

c. To all tubes add 4 ml of 0.5 N HC104 , mix, and place in 
water-bath at 70°C for 15 minutes 

d . Centrifuge, remove supernatant and place in 10 ml gradu-
ated cylinder 

e. Repeat steps (c) and (d) twice more using 3 ml of 0.5N 
HC104 
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f. Combine the extracts and make up final volume to 10 ml 
with 0.5 N HC104 

Having completed the extraction of the nucleic acids, DNA is 

determined by the diphenylamine method of Burton (122) on 2 ml of 

extract, and RNA by the orcinol method on 0.5 ml of extract. 

The procedure for the diphenylamine method employed in this 

study is: 

(117): 

1. Reagent solutions 

a. DNA standard: Calf thymus DNA is dissolved in 5 rnM NaOH 
to give 400 µg/ml; this is stable at 4oc for 
6 months. Working standards are prepared 
by mixing measured volumes of stock with 
0. 5 N HClO,f and heating 15 minutes at 70°C. 

b. Diphenylamine reagent: This is prepared by dissolving 

2. Procedure 

1.5 g of diphenylamine in 100 ml of glacia l 
acetic acid and adding 1.5 ml of concen-
trated sulfuric acid; it is stored in the 
dark. On the day of use, 0.1 ml of aqueous 
acetaldehyde (16 mg/ml) is added for each 
20 ml of reagent required. 

a. In pyrex test tubes 2 ml of extract is mixed with 2 ml 
of the diphenylamine reagent containg acetaldehyde ; 
standards containing known amounts of DNA (10-50 µg/ml) 
in 0.5 N HC104 , and a reagent blank containing 0.5 N 
HCl04 but no DNA are also prepared. 

b. The tubes are incubated for 20 hours at 30°C and the 
absorbance read at 600 nm-.. Beer's Law is obeyed up to an 
absorbance of at least 1.0. 

The procedure for the orcinol method employed in this study is 

1. Reagent Solutions 

a. Dissolve 0.90 grams FeCl3 • 5H20 in 1 liter of concen-
trated hydrochloric acid 

b. Dissolve 1 gram orcinol in 100 ml distilled water and store 
at o0 c 
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of reagent (a). 
not keep. 
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Add 1 volume of reagent (b) to 4 volumes 
Prepare immediately before use and do 

d. RNA Standard: Prepare a stock solution by dissolving 
20 mg of yeast RNA and diluting to 100 ml. 

2. Procedure 

a • . To pyrex test tubes add 0.5 ml of extract and mix with 
3 ml of freshly prepared orcinol reagent; a reagent blank 
and standard RNA solutions are made up simultaneously 

b. All tubes are covered with foil and placed in a boiling 
water bath for 20 minutes 

c. The tubes are removed, cooled in tap water and made up 
to a final volume of 15 ml with n-butanol 

d. Absorbance is read at 672 nm. The reaction follows 
Beer's Law up to 120 µg pentose 



CHAPTER V 

RESULTS AND DISCUSSIONS 

The primary objective of this research was to investigate the 

growth and substrate removal kinetics associated with both air and 

oxygen aerated activated sludge systems. However, it is felt that a 

discussion of the filamentous growth, which occurred at specific points 

during the course of the study, should be given first. Presenting the 

results in this way is desirable because the explanation given for the 

occurrence of this type of growth provides the basis for justifying 

differences which were found to exist between oxygen and air aerated 

activated sludge systems. 

A. FILAMENTOUS GROWTH STIMULATION 

Solids concentrations at the various sludge ages are tabulated in 

Table 6. It is important to note that filamentous growth occurred in 

the large oxygen aerated reactor during the first week of continuous 

feeding. With the initiation of filamentous growth, the contents of 

this reactor were wasted, the reactor disinfected with a strong chlorine 

solution, and then reseeded with sludge from the other two reactors. 

All reactors were then placed in a batch mode until solids in the three 

systems built up to an acceptable level. A continuous-feed operation 

was again begun, and as before, the large oxygen aerated reactor de-

veloped filamentous growth within 4 days. The same procedure was 

92 
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TABLE 6 

Ml.SS CONCENTRATION AT VARIOUS SLUDGE AGES 

FOR ALL UNITS 

Sludge Age MLSS 
Reactor (days) (mg/l) 

Large o2 10.37 4073 
9.62 3827 
8.58 3736 
7.63 3564 
7.03 3492 
7.01 3308 
4.97 2769 
5.41 3031 
2.60 2118 
2.78 2322 

Small Oz 11.53 6147 
11.23 6253 

7.20 5955 
7.29 5735 
5.75 5013 
4.98 4867 
3.57 4124 
3.72 3996 
2.36 2210 
2.24 2350 

Air 13.01 3580 
13. 76 3420 

9.20 3418 
8 . 84 3234 
6.73 2241 
6.94 2119 
4.92 1873 
4. 76 2047 
2.18 909 
2.23 1091 
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repeated and once again filamentous growth occurred within a week. A 

photomicrograph of the filamentous growth that developed in the reactor 

is presented in Figure 20. During this same period filamentous growth 

was completely absent from the other two reactors. 

It became obvious that filamentous growth was going to predominate 

in the large oxygen unit under the experimental design employed. In 

order to facilitate solid-liquid separation, 20 ml of a 17% sodium 

aluminate solution was added each day to this reactor. The continued 

addition of sodium aluminate to the large oxygen reactor resulted in a 

gradual elimination of the filamentous growth with a parallel decrease 

in the higher animal population norm~lly present in activated sludge. 

However, filamentous growth began to appear in the small oxygen reactor 

at a sludge age of 3.6 days or when the solids level dropped to approxi-

mately 4060 mg/l and in a very short period of time became the pre-

dominant growth form. Yet, at the same time, no filamentous growth 

was present in the air unit even though the solids level had dropped 

to approximately 1960 mg/l. In fact, no filamentous growth appeared in 

the air unit until the solids level dropped below 500 mg/l. 

Photomicrographs of sludge from each reactor while operating at 

various sludge ages are shown in Figures 21-33. 

Oxygen-induced filamentous growth is not unknown. Bhatla (88) 

found that an increase in oxygen tension promoted the growth of fila-

mentous organisms. In reviewing his work, it is also important to note 

that at no time did the mixed liquor suspended solids (MLSS) concen-

tration exceed 4100 mg/l. Jenkins et al. (123) also have observed the 
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Eig. 20--Initial filamentous growth in large oxygen unit. 

F~g. 21--Typieal sludge floe developed in small oxygen unit 
at Ge = 11.53 days. 
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Fig. 22--Typieal sludge floe developed in air unit at 
Ge = 13.01 days. 

Fig. 23--Typieal sludge floe developed in small oxygen 
unit at Ge= 7.2 days. 
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Fig, 24--Typieal sludge floe developed in air unit at 
ee = 9.20 days. 

Fig. 25--Typieal sludge floe developed in large oxygen 
unit, after sodium aluminate addition, at 
Ge = 8.58 days. 
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Fig. 26--Typieal sludge floe developed in small oxygen 
unit at Ge= 5.75 days. 

Fig. 27--Typieal sludge floe developed in air unit at 
Ge = 6.94 days. 
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Fig. 28--Typieal sludge floe developed in large oxygen 
unit after sodium aluminate addition, at 
ee = 7.01 days. 

Fig. 29--Typieal sludge floe developed in small oxygen 
unit at 0e = 3.57 days before proliferation of 
filamentous growth. 
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Fig. 30--T,ypical sludge floe developed in air unit at 
Ge = 4.92 days. 

Fig. 31--Typieal sludge floe developed in large oxygen 
unit, after sodium aluminate addition, at 
0e = 4.97 days. 
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Fig. 32--Filamentous growth in small oxygen unit at low 
solids concentrations. 

Fig. 33--Filamentous growth in air unit at low solids 
concentrations. 
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presence of a "dendritic" type of organism in the sludge of the Westgate 

Sewage Treatment Plant of Fairfax County, Virginia, a pure oxygen system. 

The following discussion will be an attempt to explain the mech m-

ism by which high oxygen tension can induce filamentous growth at lm,; 

solids concentration. 

Activated sludge floe size varies but is generally considered to 

f:ill within the range of 20 to 160µ (124,125). As a possible model, 

cnnsider that the activated sludge f loc is spherical in shape and is 

cnrnposed of three distinct concentric shells: an out0rmost L1yer 

several cells thick where cell growth is occurring; a second :-;hell of 

viable but non-proliferating cells; and an anaerobic central core. 

Biryukov and Shtoffer (126) propose the following equation to 

describe the distribution of oxygen in such a microcolony: 

D d2c 2D dC --+---= Q P dr2 pr dr (57) 

where C is the oxygen concentration (mg0z/cm3) at some distance r(cm) 

from the center of the floe, D is the oxygen diffusivity (cm2/sec) in 

the floe, p is the cell density (mg/cm3) in the floe and Q is the speci-

fie oxygen consumption (mgOz/mgCells-sec). These authors suggest that 

since the concept of critical oxygen concentration requires that cell 

respiration proceed at a rate independent of the dissolved oxygen con-

centration so long as this concentration remains above a critical 

value, and since the values normally quoted for critical oxygen con7 

centration (21) are so low, that it is possible to make, without a 

considerable change in the final results, the following assumption: 

Q 0 at C = O, (58) 
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and 

Q = Q at C > O. (59) 

Solving the system of equations (57), (58), and (59) under the follow-

ing boundary conditions: 

and 

de 
- = 0 at r = dr 

C - Cs at r = R, 

(60a) 

(60b) 

(60c) 

where r 0 is the distance from the center of the floe to the outer limit 

of the anaerobic zone in cm, R is the distance from the center of the 

floe to the floe surface in cm, and Cs is the oxygen concentration at 

the floe surface in mg02/cm3, the following general solution was ob-

tained by Biryukov and Shtoffer: 

where 

C = Ar2 +A ro3 - A r 0 2 at r 0 < r < R 
6 3 r 2 

c 0 at 0 < r :5_ r 0 

A =---2£. D • 

(61) 

(62) 

For this equation to support the proposed floe model, r 0 must have 

some finite value when considering floe sizes within the normal range 

of those found in an activated sludge system. 

Taking into account the boundary conditions (60c) the relation-

ship 

A A ro3 A 2 Cs = - R2 + - --. - - ro 6 3 R 2 
(63) 

can be established. 
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For activated sludge Mueller et al. (124) found wet density values 

to range from 1.04 to 1.10 g/cm3 and dry density values from 1.38 to 1.65 

g/cm3. 

Although to the author's knowledge no one has determined values 

for oxygen diffusivity in activated sludge floe, Mueller et al. (23) 

found that the value of 1.2 x lo-5 cm2/sec gave reasonable results 

when used to calculate limiting oxygen concentrations for large size 

floe. 

The specific oxygen consumption will vary but can be approximated 

for a specific set of conditions from oxygen uptake and mixed liquor 

volatile suspended solids data. 

The oxygen concentration at the surface of the activated sludge 

floe is impossible to determine. However, it will be less than the 

concentration in the bulk liquid and will be greatly influenced by 

the degree of turbulence in the aeration tank. Figure 34 illustrates 

the influence of mixing on the oxygen concentration at the floe surface. 

Note that the double crosshatching reflects the depth of oxygen pene-

tration into the floe for condition A, which is a condition of less 

mixing than B. 

For the degree of turbulence normally encountered in activated 

sludge aeration tanks, a conservative estimate would probably be 90 

per cent of the oxygen concentration in the liquid bulk at the cell 

surface. Hence, if one assumes that the average floe is 100 µ in dia-

meter and the DO in the liquid bulk is 2 mg/l, then,- using the values 

for the various coefficients reported in the literature and letting 
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Figure 34--Effects of stirring on oxygen concentration at the floe 
surface (After Biryukov and Shtoffer, 126) 
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Q = 8.3 x lo-5 mgOz/mg VSS-Sec, the radius of the anaerobic zone of 

the floe would be approximately 86 µ. 

This model can be further rationalized by considering that since 

active metabolism, i.e., substrate removal, occurs between the floe and 

the medium, the substrate concentration at the surface of the cell and 

in the liquid bulk, where the concentration is measurable, theoretically 

cannot be the same. Thus, there exists a zone of decreasing substrate 

concentration around the floe, a zone which will be referred to as the 

zone of influence. 

It is hypothesized that in the anaerobic core, organic acids are 

released as end products. Because of diffusion, a pH gradient is 

established in the floe interior and the pH in this region is lower 

than that measured in the liquid bulk. However, some amount of sub-

strate and oxygen is still required before filamentous growth can com-

mence. 

Consider that the rate of oxygen transfer is proportional to a 

concentration gradient, and the higher the concentration, the deeper 

the oxygen penetration into the floe. Hence, for the oxygenation sys-

tems, oxygen could easily penetrate into what would otherwise be an 

anaerobic zone when air is used as the gas of aeration. 

It is felt that filamentous growth does not occur in the oxygen 

system at high solids concentrations because of overlapping zones of 

influence which reduce even further the substrate concentration gradi-

ent. This prevents the substrate from penetrating deep enough into 

the floe to provide sufficient nutrients for growth. As the solids 

concentration decreases so does the probability of zone overlap. 
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Eventually a critical solids level is reached where sufficient nutri-

ents reach the floe interior to induce growth of the filamentous 

organisms. 

It should be emphasized that if the proposed model is credible, 

then it should be possible at high DO levels to hold the solids con-

centration constant while increasing the substrate loading and induce 

filamentous growth. Rensink (127) has shown that this result does 

occur. He operated a completely mixed activated sludge system at a 

constant mixed liquor suspended solids concentration of 2000 mg/l while 

maintaining the DO above 5 mg/l at all times. From this study he found 

that when the substrate loading was increased above 0.3 mgBODs/day/ 

mgMLSS, filamentous microorganisms became predominate within 1 to 2 

days. Thus, it is felt the results of Rensink's study provides support 

for the proposed model. 

B. KINETIC COMPARISONS 

The primary objective of the study was to determine whether there 

was any fundamental difference in sludge yield or substra~e removal 

kinetics between systems operating under oxygenation as opposed to con-

ventional aeration. This purpose was accomplished by operating three 

completely mixed activated sludge reactors under different loading con-

ditions and then comparing aeration kinetics with oxygenation. 

1. Substrate Removal Kinetics 

Equation (29) can be rearranged into the form 

1 
q 

Ks 
k 

This equation describes the continuous kinetic model. 

(64) 
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Experimental data followed both the continuous kinetic model 

described by equation (64) and the discontinuous kinetic model described 

by equation (46). This result is reasonable since the discontinuous 

model is only a special case of the continuous model, i.e., if the 

discontinuous model describes the process kinetics it follows that the 

continuous model will also describe the kinetics. However, the reverse 

will not hold in all cases. 

The kinetic plots shown in Figures 35-37 were derived from equa-

tion (46) based upon information from runs presented in Table 7. 

Because of the general scatter of the data, a least squares computation 

was used to obtain the line of best fit. The slope of the line gives 

the substrate removal rate coefficient K' and the intercept on the 

X-axis gives the non-biodegradable fraction of the substrate measured 

as COD. The value of the non-biodegradable fraction is approximately 

10 mg/l in all three figures. 

The kinetic plots shown in Figures 38-40 were derived from equation 

(64) and based upon information presented in Table 8. A least squares 

computation was used to obtain the line of best fit. The slope of the 

line is numerically equal to Ks/k and the intercept on the Y-axis equal 

to l/k. Therefore, knowing the slope and intercept of each plot, 

values for Ks and k can be determined. These results are shown on the 

respective figures. 

The substrate removal rate coefficient, K', can be obtained from 

Figures 35-37 for the respective unit of interest. These figures show 

that K' has approximately the same value for both the large Oz unit and 
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TABLE 7 

DATA USED IN COMPUTING SUBSTRATE REMOVAL RATES 

Specific substrate Effluent substrate 
utilization rate (q) concentration (S) 

Reactor (days-1) (mg/l filtered COD) 

Large Oz 0.251 24 
0.247 16 
0.316 42 
0.310 30 
0. 3lf5 47 
0.353 35 
0.422 42 
0.408 40 
0.806 73 
o. 773 85 

Small Oz 0.340 20 
0.349 32 
0.1~81 31 
0.456 27 
0.567 48 
0.548 26 
0.649 43 
0.633 35 
1.020 46 
1.030 64 

Air 0.227 39 
0.222 21 
0.277 29 
0.273 19 
0.444 58 
0.447 42 
0.520 46 
0.497 64 
1.190 90 
0.990 110 
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TABLE 8 

DATA USED IN COMPUTING MAXIMUM RATE OF SUBSTRATE 

UTILIZATION PER UNIT WEIGHT OF BIOMASS, k 

AND SATURATION CONSTANT, K5 • 

Reciprocal specific Reciprocal effluent 
substrate utilization substrate concentration 

Reactor (l/q) (l/S) 

Large Oz 3.98 0.0416 
4.05 0.0625 
3.16 0.0238 
3.22 0.0333 
2.90 0.0212 
2.83 0.0285 
2.37 0.0238 
2.45 0.0250 
1.16 0.0136 
1.29 0.0117 

Small 02 2.94 0.0500 
2.86 0.0312 
2.08 0.0322 
2.19 0.0370 
1. 76 0.0208 
1.82 0.0384 
1.54 0.0232 
1.58 0.0285 
0.98 0.0217 
0.97 0.0156 

Air 4.40 0.0256 
4.50 0.0476 
3.61 0.0344 
3.66 0.0526 
2.25 0.0172 
2.24 0.0238 
1. 92 0.0217 
2.01 0.0156 
0.84 0.0111 
1.01 0.0090 
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the air unit. Furthermore, the specific values for K' agree well with 

values previously published for this parameter (99)(128). It can be 

concluded that, for the same system, there is no apparent difference 

between the substrate removal rates of activated sludge when grown 

under oxygenation or under conventional aeration. However, the sub-

strate removal rate coefficient for the small oxygen unit had a value 

almost twice that of the other two units. The significance of this 

result can be demonstrated by considering the definition of K' which is 

K' = :k 
KS 

where Ks, for a completely mixed activated sludge system, is equal to 

the effluent substrate concentration corresponding to the substrate 

utilization rate numerically equal to one-half the maximum substrate 

utilization rate; k is the maximum rate of substrate utilization per 

unit weight of microorganisms. From Figures 38-40 it is seen that Ks 

has a value approximately equal to 213 mg/l. Corresponding k values 

are 4 for the small oxygen unit and 2.5 for the other units. Basically 

this result indicates that a unit mass of organisms in the small oxygen 

unit is capable of removing almost 2 times more substrate per day than 

a unit mass of organisms in either the large oxygen unit or the air unit. 

Qualitatively the greater substrate removal per unit mass of 

microorganisms in the small oxygen unit would appear to be the result 

of a shorter hydraulic detention time in this unit (4.1 hours in the 

small oxygen unit and 10.8 hours in the two large units). This means 

that the microorganisms in the small unit are going to be displaced 

from that unit, separated from the waste stream and recycled back to 

that unit 2-1/2 times more frequently than in the other units. During 
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the recycle period the organisms will be in a starvation state; i.e., 

there will be no substrate in the surrounding liquid medium. Starva-

tion conditions should force the microorganisms into metabolizing cellu-

lar reserves to provide energy for life support. Such action would 

produce microorganisms with higher consumptive capacities when returned 

to a substrate rich environment. Walters et al. (52) have found this 

to be true. While studying the contact-stabilization process these 

workers found that during the contact period the microorganisms syn-

thesized large quantities of storage products which were metabolized 

during the stabilization period. It was found that the capacity of the 

cells to remove substrate during the contact period was proportional to 

the decrease in the stored material during the stabilization period. 

Although the sludge is aerated during the stabilization period in 

contrast to undergoing a period of oxygen deficiency during recycle, 

it is felt that because of the high initial DO concentration in the 

oxygen unit and the decreased oxygen requirement when only endogenous 

respiration is occurring, aerobic conditions will prevail long enough 

to allow a considerable reduction in cellular reserves to occur. 

The substrate removal efficiencies of the three units are plotted 

in Figure 41. The data required for this plot are presented in Table 9. 

Figure 41 shows there to be no significant difference in the suh3trate 

removal efficiencies of the three units. Furthermore, it shows that 

above a sludge age of approximately 4 days, the substrate removal effi-

ciency remains relatively constant. Such results are consistent with 

the findings of Sherrard and Schroeder (9) in their analysis of the data 

collected during the Batavia study and can best be explained on the 
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TABLE 9 

DATA USED IN DETERMINING SUBSTRATE REMOVAL EFFICIENCY 

Influent substrate Effluent substrate 
Sludge age concentration concentration 

Reactor (days) (mg/1--total COD) (mg/1--filtrate COD) 

Large o2 10.37 41~8 24 
9.62 400 16 
8.58 533 42 
7.63 479 30 
7.03 529 47 
7.01 493 35 
4.97 509 42 
5.41 551 40 
2.60 564 73 
2.78 613 85 

Small 02 11.53 454 20 
11.23 488 32 

7.20 630 31 
7.29 570 27 
5.75 543 48 
4.98 487 26 
3.57 515 43 
3. 72 475 35 
2.36 494 46 
2.24 548 64 

Air 13.01 482 39 
13.76 430 21 
9.20 544 29 
8.84 496 19 
6.73 561 58 
6.94 517 42 
4.92 521 46 
4. 76 575 64 
2.18 527 90 
2.23 581 110 
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basis of saturation. Consider that an activated sludge unit is receiving 

a fairly constant loading and that sludge wasting is initially such that 

a low biomass concentration is maintained in the unit; i.e., the unit is 

operating at a low sludge age. In such a case there is more food avail-

able than can be utilized by the total mass of organisms present and as 

a result the effluent substrate concentration is fairly high and the 

removal efficiency low. As sludge wasting is reduced and the biomass 

concentration in the reactor increased; i.e., a higher sludge age, a 

point will be reached where there is an excess of microbial mass. A 

further increase in the biomass concentration (even higher sludge age) 

will not reduce the effluent substrate concentration; i.e., at the point 

where substrate becomes limiting, the removal efficiency will remain 

constant with an increase in sludge age. 

A sizable effluent substrate concentration, measured on a COD 

basis, will always be found when evaluating an activated sludge system. 

This appears to be the result of four effects: (1) excretion of products 

of dissolution by the cells, (2) shearing of excess slime from the micro-

organism from mixing experienced by the activated sludge in the aeration 

tank (109), (3) the non-biodegradable fraction of the substrate, and 

(4) refactory organics that require, for metabolism, a detention time 

longer than that provided. 

2. Oxygen Relationships 

Equation 50 was used to calculate the oxygen utilization 

kinetics. Figures 42, 43, and 44 give the relationship, described by 

this equation, for the three activated sludge units used in the study. 
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Figure 42--0xygen uptake rate per unit concentration of VSS versus 
specific substrate utilization rate for the large oxygen 
unit. 
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unit. 
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The graphs shown in the three figures were constructed from data given 

in Table 10. Because of the general scatter of the data, a least 

squares computation was used to obtain the line of best fit. 

A study of Figures 42, 43, and 44 shows that the oxygen uptake 

rate per unit VSS increased with an increase in specific substrate 

urilization rate. It is felt that this was due to a higher percentage 

of active organisms per unit weight of VSS at the higher q values. 

From the graphs it can also be seen that the air unit had the 

lowest endogenous oxygen requirement per unit weight of VSS, i.e., the 

value of the intercept was the smallest of the three units. This re-

sult would be expected in this system, for as q decreases the concentra-

tion of mixed liquor suspended solids increases. The overlapping of 

the zones of influence, which would result because of the increase in 

solids concentration, would decrease the DO concentration at the cell 

surface even more. Thus~ a large reduction in the depth of oxygen 

penetration into the activated sludge floe would result. This would 

cause the percentage of active organisms per unit weight of VSS to be 

very low and, consequently, the endogenous oxygen requirement per unit 

weight of VSS would also be very low. 

The same argument can be given as an explanation for the difference 

in endogenous oxygen requirement per unit weight of VSS between the two 

oxygen units. Although the DO concentration in these two units is much 

higher than in the air unit, again because of the large solids concen-

tration in the small oxygen unit, the overlapping of the zones of influ-

ence would result in a decrease of oxygen penetration into the floe and 
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TABLE 10 

DATA USED IN COMPUTING OXYGEN UTILIZATION KINETICS 

Specific substrate Oxygen uptake rate per 
utilization rate unit concentration VSS 

Reactor (days-1) (days-1) 

Large Oz 0.251 0.352 
0.247 0.328 
0.316 0.333 
0.310 0.325 
0.345 0.434 
0.353 0.417 
0.422 0.446 
0.408 0.460 
0.860 o. 721 
0. 773 0.759 

Small o2 0.340 0.260 
0.349 0.310 
0.481 0.350 
0.456 0.306 
0.567 0.442 
0.548 0.398 
0.649 0.496 
0.633 0.444 
1.020 o. 703 
1.030 o. 729 

Air 0.227 0.256 
0.222 0.204 
0.277 0.244 
0.273 0.215 
0.444 0.500 
0.447 0.388 
0.520 0.598 
0.497 0.648 
1.190 0.960 
0.990 1.180 
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thereby reduce the activity per unit weight of VSS at low q values. 

The various slopes of the lines plotted in Figures 42, 43, and 44 

reflect the rate of increase in activity per unit weight of VSS. These 

graphs show that the activity increased much more rapidly in the air 

unit than in either of the two oxygen units. Figure 45 is a graph 

showing the variation in mixed liquor suspended solids concentration 

with specific substrate utilization rate. The large difference in 

solids concentration between the air unit and the small oxygen unit 

would account for the fact that the air unit had the greater rate of 

increase in active mass per unit weight of VSS with increasing q, i.e., 

at higher q values there was still a zone of influence effect in the 

small oxygen unit which reduced the depth of substrate penetration into 

the activated sludge floe. However, the difference in solids concen-

trations between the air unit and the large oxygen unit was not great 

enough to cause the observed difference in rate of increase of active 

mass per unit weight of VSS between these two .units. In this case it 

is felt that the addition of sodium aluminate to the large oxygen unit 

in some way aided in reducing the rate of increase in active mass per 

unit weight of VSS. For example, phosphate can be removed by chemica l 

precipitation with multivalent metal ions. Thus, the addition of sodium 

aluminate would result in the formation of an insoluble aluminum phos-

phate complex which could precipitate onto the f loc and create a bar-

rier to the transfer of oxygen and substrate into the floe. 

Using the method of Blok (114) described in Chapter IV, the oxygen 

required to remove one unit of COD per unit weight of VSS was calculated. 
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Figures 46, 47, and 48 show the variation in this parameter with specific 

growth rate for the three activated sludge units. Data used in the 

construction of these three figures are given in Table 11. The data, 

when plotted on semi-log paper, show a linear relationship between 

oxygen required per unit of COD removed per unit weight of VSS and 

specific growth rate. However, to be more meaningful, the exogenous 

oxygen data was multiplied by the total number of COD un~ts removed per 

day and these data were plotted against specific substrate utilization 

rate for the three activated sludge units. Table 12 lists the data 

that was plotted and Figure 49 shows the results of the plot. This 

figure shows an increase in exogenous oxygen required per unit weight of 

VSS with increasing specific substrate utilization for all units. Again, 

this result can be explained on the basis of increasing active mass 

per unit weight of VSS as q increases. However, the important point to 

be noted is that the exogenous oxygen requirement per unit weight of 

VSS was approximately the same for the air unit and the large oxygen 

unit at the various values of q, whereas the requirement of the small 

oxygen unit was much less for equivalent values of q. Qualitatively, 

this difference in requirement for exogenous oxygen can be explained by 

considering that the activated sludge floe produced in the small oxygen · 

unit had a smaller active mass per unit weight of VSS than that of the 

other two units. Thus, for a specific value of q, the actual microbial 

mass, per unit weight of VSS, actually involved in substrate utilization 

was much smaller for the small oxygen unit. In other words, more food 

per unit of active mass was available in the small oxygen unit and cell 

growth occurred more rapidly in this unit. 
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Figure 46--0xygen requirement per unit of COD removed per unit 
weight of VSS versus specific growth rate for the 
large oxygen unit. 
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Figure 47--0xygen requirement per unit of COD removed per unit 
weight of VSS versus specific growth rate for the 
small oxygen unit. 
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TABLE 11 

DATA USED IN DETERMINING THE RELATIONSHIP BETWEEN 

EXOGENOUS OXYGEN AND SPECIFIC GROWTH RATE 

Exogenous oxygen required 
Specific Growth per unit COD removed per unit 

rate weight of VSS 
Reactor (days-1) (mg02mg-1CODr mg-lVSS) 

Large o2 0.096 0.000245 
0.103 0.000213 
0.116 0.000345 
0.131 0.000287 
0.142 0.000416 
0.142 0.000350 
0.201 0.000341 
0.184 0.000358 
0.384 0.000658 
0.359 0.001000 

Small 02 0.086 0.000125 
0.089 0.000208 
0.138 0.000200 
0.137 0.000150 
0.173 0.000279 
0.200 0.000237 
0.280 0.000304 
0.268 0.000220 
0.423 0.000341 
0.446 0.000508 

Air 0.076 0.000358 
0.072 0.000262 
0.108 0.000330 
0.113 0.000275 
0.148 0.000500 
0.144 0.000454 
0.203 0.000466 
0.210 0.000629 
0.458 0.001200 
0.448 0.001750 
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Large Oz 

Small Oz 

Air 
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TABLE 12 

DATA USED IN DETERMINING THE RELATIONSHIP BETWEEN TOTAL 

EXOGENOUS OXYGEN REQUIRED PER UNIT WEIGHT VSS PER 

DAY AND SPECIFIC SUBSTRATE UTILIZATION RATE 

Specific substrate 
utilization rate 

(days-1) 

0.251 
0.247 
0.316 
0.310 
0.345 
0.353 
0.422 
0.408 
0.860 
0.773 

0.340 
0.349 
0.481 
0.456 
0.567 
0.548 
0.649 
0.633 
1.020 
1.030 

0.227 
0.222 
0.277 
0.273 
0.444 
0.447 
0.520 
0.497 
1.190 
0.990 

Exogenous oxygen required 
per unit weight of 

VSS per day 
(mg02mg-lvss day-1) 

1. 79 
1.41 
2.93 
2.22 
3.46 
2. 77 
2.75 
3.16 
5.58 
9.12 

0.94 
1.64 
2.07 
1.41 
Z.38 
1.89 
2.48 
1.67 
2.64 
4.25 

2 . 74 
1.85 
2.94 
2.27 
4. 34 
3.73 
3.82 
5.55 
9.06 

14.Z4 
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Figure 49--Total exogenous oxygen required per unit weight VSS per 
day versus specific substrate utilization rate for all 
units. 
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It is felt that under a condition of constant agitation, the size 

of an activated sludge floe will have a limiting value for each value 

of q. Therefore, since cell growth will occur more rapidly at the sur-

face of the floe, the new cells will most likely be dispersed into the 

liquid medium either by the shearing force of mixing or through the 

efforts of the new cells themselves. In either situation the dispersed 

cells are rapidly consumed by protozoa and metazoa indigenous to the 

activated sludge. Since on a per unit mass basis animal forms have a 

much lower oxygen requirement than bacteria, the total oxygen requirement 

per unit weight of VSS would be less as it was in the small oxygen unit. 

3. Growth Kinetics 

Equation 53 was used to evaluate the constants for the three 

activated sludge units that are required when equation 55 is used to 

calculate observed yield. The constants were obtained from a plot of 

specific substrate utilization rate versus specific growth for each 

unit. Such plots are shown in Figures 50, 51, and 52. A least square 

computation was used to obtain the line of best fit for each plot. The 

data used in the construction of each plot is given in Table 13. 

The slope of the line given in each figure is designed by a, and 

has a value equal to l/Y for the particular system of interest. The 

intercept of each line is designated by b, and has a value equal to 

Kd/Y for the particular system of interest. Therefore, knowing the value 

of a and b for each system, the value of Y and Kd can be calculated. 

The particular constant value for each system is given in Table 14. It 

appears that there is no significant difference between the constant 
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Figure 50--Specific substrate utilization rate versus specific 
growth rate for the large oxygen unit. 
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Figure 51--Specific substrate utilization rate versus specific 
growth rate for the small oxygen unit. 

0.5 



,,,__ 
M 
I 
en 
:>, 
(1j 

'""O 
'--' 
O' 
~ 

aJ 
-1-J 
(1j 

i:x: 
~ 
0 

·ri 
-1-J 
(1j 
N 

•ri 
M 
•ri 
-1-J 
:::> 
aJ 

-1-J 
(1j 
H 

-1-J 
en 

,.0 
;:J 

U) 

() 
•ri 
4-1 
•ri 
() 
(!) 
p.. 

U) 

1. 2 

1.1 

1.0 

0.9 

0.8 
a = 2.24 

0.7 

0.6 

0.5 

co 
0.4 

0.3 
':> 

0.2 

0.1 

b 0.058 
0 

0 0.1 0.2 0.3 0.4 

Specific Growth Rate, µ(days-1) 

Figure 52--Specific substrate utilization rate versus specific 
growth rate for the air unit 

o.s 



Reactor 

Large 02 
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TABLE 13 

DATA USED IN COMPUTING TRUE GROWTH YIELD 

AND MAINTENANCE REQUIREMENTS 

Specific substrate 
utilization rate 

(days-1) 

0.251 
0.247 
0.316 
0.310 
0.345 
0.353 
0.422 
0.408 
0.860 
0. 773 

0.340 
0.349 
0.481 
0.456 
0.567 
0.548 
0.649 
0.633 
1.020 
1.030 

0.227 
0.222 
0.277 
0.273 
0.444 
0.447 
0.520 
0.497 
1.190 
0.990 

Specific growth 
rate 

(days-1) 

0.096 
0.103 
0.116 
0.131 
0.142 
0.142 
0.201 
0.184 
0.384 
0.359 

0.086 
0.089 
0.138 
0.137 
0.173 
0.200 
0.280 
0.268 
0.423 
0.446 

0.076 
0.072 
0.108 
0.113 
0.148 
0.144 
0.203 
0.210 
0.458 
0.448 
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TABLE 14 

SUMMARY OF THE CONSTANT TERMS a, b, Y, & l<d FOR EACH UNIT 

CONSTANT TERM 

Reactor a b y 

Large Oz Z.15 0.048 0.47 o.ozz 

Small Oz 1.87 0.184 0.53 0.098 

Air Z.Z4 0.058 0.44 O.OZ7 
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values for the large oxygen and air units. However, there is a signi-

ficant difference between the constant values for these two units and 

the small oxygen unit. 

These differences can be explained by considering the systems under 

investigation. Each system was loaded at a rate-of approximately 17.28 

l/day with a substrate that had an average COD of 520 mg/l. To change 

the specific substrate utilization rate, the VSS content of each system 

was varied by controlling sludge wasting. A plot showing the variation 

of total VSS in each system with the specific substrate utilization rate 

is presented in Figure 53. The data used in constructing this figure 

are given in Table 15. From the figure it is evident that for a parti-

cular q value the total weight of VSS in each system is approximately 

the same. 

For the small oxygen system, the intercept or b value, which gives 

the substrate required per unit weight of VSS to support only the life 

function, is 0.184, and for the other two systems lies within the range 

of 0.045 to 0.060. 

If each cell has a constant energy of maintenance requirement, 

then when the total amount of substrate removed is channeled into life 

support a specific amount of active cell mass can be maintained. However, 

in a high solids system such as the small oxygen unit, an additional 

consideration is required--the effect of overlapping zones of influence 

on the transfer of nutrients into the activated sludge floe. Consider-

ing this effect, it is reasonable to assume that the small oxygen unit, 

which operated at a high solids concentration, would require a higher q 



Total Volatile 
Suspended Solids (mg) 

4000 

2000 

30000 

28000 

26000 

24000 

22000 

20000 

18000 

16000 

14000 

12000 

10000 

8000 

6000 

143 

0 Large 02 

[J . Small Oz 

A Air 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 .9 1.0 1.1 1.2 
Spec i fic Substrate Utilization Ra te, q(days-1) 

Figure 53--Total volatile suspended solids versus specific substrate 
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TABLE 15 

DATA USED IN DETERMINING THE RELATIONSHIP BETWEEN 

TOTAL VSS AND SPECIFIC SUBSTRATE UTILIZATION RATE 

Total volatile Specific substrate 
suspended solids utilization rate 

Reactor (mg) (days-1) 

Large o2 29,161 0.251 
26,769 0.247 
26,832 0.316 
24' 877 0.310 
24'138 0.345 
22,370 0.353 
19,084 0.422 
21,600 0.408 

9, 776 0.860 
11, 793 0. 773 

Small o2 22,032 0.340 
22,552 0.349 
21,480 0.481 
20,560 0.456 
15,068 0.567 
14,524 0.548 
12,560 0.649 
12,008 0.633 

7,524 1.020 
8' 08l; 1.030 

Air 33,664 0.227 
31,772 0.222 
32,0Lf2 0.277 
30,149 0.273 
19,552 0.444 
18,345 0.447 
15,756 0.520 
17,732 0.497 

6 '34l; 1.190 
8,216 0.990 
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value at µ = 0 to provide the necessary substrate gradient for the 

transfer of nutrients into the activated sludge floe. 

From Figure 53, at a q value of 0.184, the total weight of VSS in 

the system is approximately 50,000 mg. If the curve could be extrapo-

lated it would appear that the total weight of VSS in the two larger 

systems, when q is between 0.045 and 0.060, would be in the vicinity 

of 150,000 mg. Assuming that the microbial population in each system 

is similar so that the energy of maintenance requirement for each unit 

of active mass is equivalent, it follows that for a unit weight of VSS 

at µ = 0, the proportion of actual mass would be much greater in the 

small oxygen unit. Since Ka is given as the quantity of substrate re-

quired per unit weight of VSS per day to support life functions, and 

its value is given by the relationship 

Kd 
- = q atµ = 0 
y ' 

it is necessary that the value of Kd be greater in the small oxygen unit. 

In other words, assuming that each unit of active mass, in all three 

systems, has the same substrate requirement per day for life support, 

and since Kd is determined at a point where it has been established that 

the proportion of active mass per unit weight of VSS is greater in the 

small oxygen unit, from the definition of Kd it is necessary that it be 

greater in the small oxygen unit. 

Figure 53 shows the total weight of VSS in all systems to be equal 

for a specific substrate utilization rate. However, since the working 

volume of the small oxygen unit is 2.6 times less than that of the other 

two units, the concentration of VSS will be much greater at any q value 
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of interest. Consequently, because of the zone of influence effect, 

the proportion of active mass per unit weight of VSS is much less. 

Because of this factor, more substrate will be available per unit of 

active mass in the small oxygen unit. Since the value of Y neglects 

the substrate requirement for energy of maintenance, theoretically the 

effect of a larger quantity of substrate availability per unit of actual 

mass would be a greater increase in VSS at a specific q value. Con-

sidering that (a) l/Y is equal to the slope of the line obtained when 

q is plotted versus µ, (b) µ is defined as the change in VSS divided by 

the total weight of VSS in the system, (c) the total weight of VSS in 

all systems is the same at a specific q value, it is obvious that the 

larger the increase in VSS, the smaller will be the slope of the line. 

Thus, the small oxygen unit will produce a line with a more gentle slope 

than either of the other two units and because of this effect the small 

unit will have the larger Y value. 

As discussed, the Y value for a particular system is the theoreti-

cal yield that would occur if the organisms exerted no energy of main-

tenance requirement. However, in actual practice this is not the case. 

It has been found that the observed yield, i.e., the actual amount of 

sludge produced per unit of substrate removed, is related to the length 

of time the microbial mass is retained in the system (sludge age). 

Figure 54 shows the relationship between observed yield and sludge age 

for each of the three systems. Equation 55 was used to calculate the 

observed yield values. The data used in the construction of Figure 54 

is given in Table 16. From this figure it is seen that the actual yield 
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TABLE 16 

DATA SHOWING VARIATION IN OBSERVED YIELD WITH SLUDGE AGE 

Observed Sludge Age 
Reactor Yield (days) 

Large 02 0.0387 10.37 
0.393 9.62 
0.401 8.58 
0.409 7.63 
0.413 7.03 
0.413 7.01 
0.431 4.97 
0.427 5.41 
0.454 2.60 
0.452 2.78 

Small o2 0.250 11. 53 
0.25L1 11.23 
0.312 7.20 
0.311 7.29 
0.341 5.75 
0.358 4.98 
0.395 3.57 
0.392 3.72 
0.434 2.36 
0.438 2.24 

Air 0.333 13.01 
0.328 13. 76 
0.361 9.20 
0.363 8.84 
0.380 6.73 
0.378 6.94 
0.396 4.92 
0.398 4.76 
0.423 2.18 
0.421 2.23 
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is much lower in the small oxygen unit over the sludge age range normally 

used in plant operation--6 to 12 days. The same results are obtained 

when the observed yield is plotted versus specific substrate utiliza-

' tion rate. Such a plot is shown in Figure 55. This phenomenon can best 

be explained by considering Column 6 of the data presented in Table 17. 

This column shows that at high sludge ages (low q values), a much larger 

fraction of the substrate removed goes toward maintenance and not growth 

whereas the reverse is true at low ages. This result is true for all 

units but the small oxygen unit shows maintenance ratio values much 

larger than either of the other two units. 

C. CELL CONSTITUENT COMPARISON 

The composition of the sludges produced in each of the three acti-

vated sludge systems at the various specific growth rates studied is 

shown in Figures 56, 57, and 58. The data used in each of these figures 

is given in Appendix C--a summary of all the data produced in the study. 

From the three figures and Table 18 it is seen that within the range of 

growth rates covered in this study, none of the cell constituents varied 

appreciably or fluctuated in any given way other than a random fashion. 

This result agrees with that found in other similar studies (129) and 

provides no basis for explaining the variation in cell yield between the 

small oxygen unit and the two larger units. Such results are not unex-

pected since the argument previously proposed to explain the variation 

in yield between the units was based on the premise that the active 

mass per unit weight of VSS is less in the small oxygen unit. If analy-

sis for cell constituents were to provide data to explain the variation 
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Reactor 

Large 02 

Small o2 

TABLE 17 

DATA REFLECTING THE PORTION OF SUBSTRATE UTILIZED FOR MAINTENANCE AT EACH 
SPECIFIC SUBSTRATE UTILIZATION RATE FOR ALL UNITS 

Specific substrate Energy of mai.ntenance 
utilization rate Sludge Age requirement. Observed 

(days-1) (days) (mgCODr/mgVSS/day) Yield 

0.251 10.37 0.387 
0.247 9.62 0.393 
0.316 8.58 0.401 
0.310 7.63 0.154 
0.345 7.03 0.048 0.413 
0.353 7.01 0.413 
0.422 4.97 0.431 
0.408 5.41 0.427 
0.806 2.60 0.454 
0.773 2.78 0.452 

0.340 11.53 0.250 
0.349 11.23 0.254 
0.481 7.20 0.312 
0.456 7.29 0.311 
0.567 5.75 0.18lf 0.341 
0.548 4.98 0.358 
0.649 3.57 0.395 
0.633 3. 72 0.392 
1.020 2.36 0.434 
1.030 2.24 0.438 

Maintenance 
ratio 

(Column 3/1) 

0.191 
0.194 
0.151 

0.139 
0.136 
0.113 ...... 
0.117 Vi ...... 
0.059 
0.062 

0.541 
0.527 
0.382 
0.403 
0.324 
0.335 
0.283 
0.290 
0.180 
0.178 



Table 17 - Continued 

Reactor 

Air 

Specific substrate 
utilization rate 

(days-1) 

0.227 
0.222 
0.277 
0.273 
0.444 
0.447 
0.520 
0.497 
1.190 
0.990 

Sludge Age 
(days) 

13.01 
13. 76 

9.20 
8.84 
6.73 
6.94 
4.92 
4.76 
2.18 
2.23 

Energy of maintenance 
requirement 

(mgCODr/mgVSS/day) 

0.058 

Observed 
Yield 

0.333 
0.328 
0.361 
0.363 
0.380 
0.378 
0.396 
0.398 
0.423 
0.421 

Maintenance 
ratio 

(Column 3/1) 

0.255 
0.261 
0.209 
0.212 
0.130 
0.129 
0.111 
0.116 
0.048 
0.058 
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TABLE 18 

ACTIVATED SLUDGE COMPOSITION (% BY WEIGHT) AS A FUNCTION OF GROWTH RATE 

Cons ti- Maximum Minimum Mean I Standard Deviation 
tuent large 02 small 02 I Air large 02 small 02 Air large 02!small 02 Air !large 02 1small 02 Air 

I I 

l 
I 

DNA 4.6 6.7 7.9 1. 3 3.2 4.6 2.8 4.9 6.3 0.9 1.1 1.0 

RNA 9.6 11.3 11.5 4.1 6.6 8.4 6.4 9.4 10.1 1.8 1.4 0.9 

Carbo-
hydrate 16.5 21. 8 23.5 I 10.8 18.0 18.2 13.2 19.7 20.0 

I 
1.8 1.3 1. 6 

I I Protein 33.9 49.0 45.4 18.0 29.7 28.8 28.0 38.7 138. 9 4.9 I 6.0 5.2 
I I I 

I 
I I I 

I PHB 2.1 
i 

1. 7 2.2 I 0.7 0.5 0.4 1.4 1.3 1.2 

I 
0.5 ! 0.4 0.5 

I I Total I I 
Lipid 19.8 20.1 116.4 I 

10.6 11. 6 8.1 14.4 15.5 11.8 I 2.8 2.8 2.9 I I i i I 
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in yield, it would be necessary that such data provide an indication of 

the active mass per unit weight of VSS. Other researchers have found 

this is not the case (129). 



CHAPTER VI 

CONCLUSIONS 

High purity oxygen is an acceptable alternative to conventional 

aeration in the activated sludge process. The benefits, however, are 

primarily derived from the ability of oxygenation systems to provide 

rapid transfer of oxygen across the gas-liquid interface when the micro-

bial mass concentration is very high and oxygen demand great, rather 

than metabolic changes in the organisms. The conclusions derived in 

this study are summarized as follows: 

1. An activated sludge system operating at low solids and high 

dissolved oxygen concentrations is susceptible to takeover by 

filamentous microorganisms. 

2. The model proposed to describe the conformation of the acti-

vated sludge floe and the limitations of nutrient and oxygen 

transfer from bulk solution into the floe, is supported by the 

work of Rensink (127) and the results of this study. 

3. The addition of sodium aluminate will successfully eliminate 

filamentous growth takeover of an activated sludge unit. 

However, it will also destroy the protozoa and metazoa popu-

lations indigenous to activated sludge. The total effect of 

this elimination in predator population was undetermined. 
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4. Both the continuous and discontinuous kinetic models were 

found to be applicable to activated sludge units employing 

sludge recycle for the range of sludge ages employed in this 

study. These models predict that the use of either oxygen or 

air in the same activated sludge system will have no effect 

on the maxi~um rate of substrate utilization per unit weight 

of VSS. However, if the aeration tank volume is reduced such 

that the solids concentration of the system increases, the 

frequency of recycling of the microbial mass increases, and 

the hydraulic detention time decreases, this model predicts 

an increase in the maximum rate of substrate utilization 

per unit weight of VSS. 

5. No significant differences exist in substrate removal effi-

ciency, for the sludge age range of 5 to 12 days, between 

oxygen and air activated sludge systems; nor between systems 

operating at low and high solids concentrations produced by 

varying the size of the aeration tank. 

6. Sul:strate removal efficiency was constant at approximately 93%, 

for the sludge age range of 5 to 12 days, for both air and 

oxygen activated sludge systems for the substrate used in 

this study. 

7. Oxygen uptake data showed the active mass portion of a unit 

weight of VSS to be less in the air unit than either of the 

other two units, at very low specific substrate utilization 

rates . However, the rate of increase in the active mass 
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portion of a unit weight of VSS was found to be greater in 

the air unit. 

8. The total exogenous oxygen required per unit weight of VSS 

per day at a particular specific substrate utilization rate 

was found to be approximately the same for the same system 

when operated under air or oxygen aeration. However, for a 

high solids system; i.e., smaller aeration tank and shorter 

hydraulic detention time, this requirement was found to be 

much less. 

9. No difference exists between the true yield value and the 

energy of maintenance requirement for the same activated 

sludge system when operated under air or oxygen aeration. 

However, for a high solids system, the true yield value and 

energy of maintenance requirement are greater. 

10. The observed yield values associated with the sludge age 

range for normal plant operation will be less for a high 

solids system. 

11. Activated sludge systems, when operated under either air or 

oxygen aeration, will show no significant variation in the 

gross composition of microbial mass expressed in terms of 

RNA, DNA, carbohydrate, protein, PHB, and lipid between the 

specific growth rate range of .07 days-1 to .SO days-1 • 
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APPENDIX A 

The most convenient method of expressing the mechanical energy 

input to a fluid system is the mean velocity gradient imparted to the 

fluid mass. Fair, et al. (130) have presented equations which allow 

the velocity gradient to be determined for systems agitated by either 

mechanical stirring or by bubble aeration. These are: for mechanical 

agitators using paddles, 

where 

further 

where 

P = power requirement (ft-lb/sec) 

Cd = Coefficient of drag of paddles moving perpendicular 
to fluid (1.8 for system used) 

p = fluid density (62.4 lbs/ft3) 

K = ratio of fluid velocity to paddle velocity (assumed to 
be 0.25 for system used) 

M = number of revolutions per minute 

b = width of paddle (0.0833 ft for system used) 

r = distance from center of shaft to far end of paddle 
(0.1875 ft for system used) 

r 0 = distance from center of shaft to near end of paddle 
(0.0625 ft for system used) 

~ = number of paddles on shaft (4 for large reactors and 2 for 
small reactor) 

G = (65) 

G = mean velocity gradient (ft/sec-T=l/sec) 

µ = absolute fluid viscosity (2.1062 x lo-5 lb-sec/ft2) 
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V = reactor volume (0.3806 ft3 for large reactors and 
0.1468 ft3 for small reactor) 

and for agitation by bubble aeration 

where 

G 
/81.5 Ga/log[(H+34)/34] 

µV 

Ga = air-flow rate (ft3/min) 

(66) 

H = distance from liquid surface to diffuser (1.16 ft for 
the large reactors and 0.375 ft for the small reactor) 

In a reactor agitated by both mechanical stirring and bubble 

aeration, the velocity gradient may be determined by addition of the two 

components defined by equations (65) and (66). 



APPENDIX B 

185 



186 

APPENDIX B 

Equation (56) for sludge age can be developed by considering the 

basic definition of Ge which is 

Ge = mass of organisms in system 
mass of organisms wasted per day 

For a completely-mixed system with recycle and sludge wasting from the 

aeration tank the above equation can be expressed as 

where 

e c 
[(Xa)Va + (Xc)Vc] 
QwXa + QXe - QwXe 

Xa = solids concentration in aeration tank (mg/l) 

Va volume of aeration tank (1) 

Xe = solids concentration in clarifier if contents were 
completely blended (mg/l) 

Ve volume of clarifier (1) 

Qw = sludge wasting rate (l/day) 

Q = influent flow rate (l/day) 

Xe = solids concentration in effluent from clarifier (mg/l) 

If the system is operated such that no solids are contained in 

the secondary clarifier then the expression for ec becomes 

Va 
~ 
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Ow Oc µ q So s E 
Daily wastage Actual sludge Specific Specific substrate Influent Soluble Removal 

rate age growth rate utilization rate COD effluent COD efficiency 
Reactor (l/day) (days) (days-1) (CODRemov./day/MLVSS) (mg/l) (mg/1) (%) 

Large Oz 0.577 10.37 0.096 O.Z51 448 Z4 94 
0.577 9.62 0.103 0.247 lf00 16 96 

0.693 8.58 0.116 0.316 533 4Z 9Z 
0.693 7.63 0.131 0.310 479 30 95 

1.040 7. 03 0.14Z 0.345 5Z9 47 91 
1.040 7.01 0.14Z 0.353 493 35 93 

1.480 4.97 O.ZOl 0.4ZZ 509 4Z 92 
1.480 5.41 0.184 0.408 551 40 93 I-' 

00 
00 

Z.600 Z.60 0.384 0.860 564 73 87 
Z.600 Z.78 0.359 o. 773 613 85 87 

Small Oz 0.222 11.53 0.086 0.340 454 zo 95 
O.Z2Z 11.23 0.089 0.349 488 3Z 93 

O.Z66 7.ZO 0.138 0.481 630 31 95 
O.Z66 7.29 0.137 0.456 570 Z7 95 

0.400 5.75 0.173 0.567 543 48 91 
0.400 4.98 a.zoo 0.548 487 26 95 

0.571 3.57 O.Z80 0.649 515 43 91 
0.571 3.72 O.Z68 0.633 475 35 92 



Ow Qc µ q So s E 
Daily wastage Actual sludge Specific Specific substrate Influent Soluble Removal 

rate age growth rate utilization rate COD Effluent COD efficiency 
Reactor (l/day) (days) (days-1) (CODRemov./day/MLVSS) (mg/l) (mg/l) (%) 

1.000 2.36 0.423 1.020 494 46 91 
1.000 2.24 0.446 1.030 548 64 88 

Air 0.577 13.01 0.076 0.227 482 39 92 
0.577 13. 76 0.072 0.222 430 21 95 

0.693 9.20 0.108 0.277 544 29 95 
0.693 8.84 0.113 0.273 496 19 96 

1.040 6.73 0.148 0.444 561 58 90 I-' 
1.040 6.94 0.144 0.447 517 42 92 00 

\0 

1.480 4.92 0.203 0.520 521 46 91 
1.480 4.76 0.210 0.497 575 64 89 

2.600 2.18 0.458 1.190 527 90 83 
2.600 2.23 0.448 0.990 581 110 81 
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x Xa 
Xs Final mixed liquor Average mixed liquor 

Mixed liquor volatile suspended volatile suspended 
suspended solids solids solids 

Reactor (mg/l) (mg/l) (mg/l) 

Large o2 4073 2898 2804 
3827 2668 2574 
3736 2666 2580 
3564 2478 2392 
3492 2439 2321 
3308 2269 2151 
2769 1985 1835 
3031 2227 2077 
2118 1090 940 
2322 1284 1134 

Small o2 6147 5700 5508 
6253 5830 5638 
5955 5551 5370 
5737 5321 5140 
5013 3962 3767 
4867 3826 3631 
4124 3376 3140 
3996 3238 3002 
2210 2160 1881 
2350 2300 2021 

Air 3580 3346 3237 
3420 3164 3055 
3418 3184 3081 
3234 3002 2899 
2241 1974 1880 
2119 1860 1764 
1873 1639 1515 
2047 1829 1705 

909 710 610 
1091 . 890 790 
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Rr/X Rex/X 
Oxygen uptake Exogenous oxygen 

rng/l/day rngOz/CODRernov. 
Reactor MLVSS MLVSS 

Large o2 0 . 352 0.000245 
0.328 0.000212 
0.333 0.000345 
0.325 0.000287 
0.434 0.000416 
0.417 0.000350 
0.446 0.000341 
0.460 0.000358 
0. 721 0.000658 
0.759 0.001000 

Small o2 0.260 0.000125 
0.310 0.000208 
0.350 0.000200 
0.306 0.000150 
0.442 0.000279 
0.398 0.000237 
0.496 0.000304 
0.444 0.000220 
0.703 0.000341 
0.729 0.000508 

Air 0.256 0.000358 
0.204 0.000262 
0.244 0.000330 
0.215 0.000275 
0.500 0.000500 
0.388 0.000454 
0.598 0.000466 
0.648 0.000629 
o. 960 0.001200 
1.180 0.001750 
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Chemical Constituents, % of VSS 
Carbo-

Reactor DNA RNA hydrate Protein PHB Lipid 

Large o2 2.87 4.95 13.61 32.62 1. 27 12.29 
1.85 6.33 11.65 30.00 0.81 10.53 
2.32 5.21 12.42 20.73 2.13 16.88 
1.26 4.07 10.76 18.01 1.67 14.34 
2.53 4.12 16.49 26.37 1. 93 13.94 
3.51 5.54 14.21 24.07 0.75 11.52 
3.86 9.63 13.49 33.94 1.89 17.24 
4.56 8.31 15.97 31.54 1.57 19.78 
3.16 8.31 12.00 32.50 0.66 12.35 
2.46 7.75 14.83 29.85 1.26 14.91 

Small Oz 6.73 11.31 21. 73 31.93 1. 73 15.75 
6.19 9.33 19.09 30.00 1.65 13. 29 
5.19 11.03 20.41 34.95 1.14 19.00 
4.50 9.63 18.63 37.57 1.48 16.66 
4.94 10.43 20.15 40.91 1.19 11. 77 
5.88 8.93 17. 91 43.97 1.53 14.87 
3.63 8.26 21. 76 34.52 1. 26 11.58 
4.31 6.58 19.72 37.62 1.62 13.84 
3.17 10.14 18.25 48.97 0.98 20.09 
4.09 13.07 16.50 46.53 0.48 17.83 

Air 7.18 10.53 21. 69 33.79 1.22 10.66 
5.68 9.09 20.07 31. 93 0.90 8.10 
7.93 11.49 22.59 38.56 1. 93 15.28 
6.97 9.97 21.37 41. 86 1. 31 14.06 
7.20 10.12 20.32 32.01 1.26 11.80 
5.74 8.42 18.43 31. 75 0.40 9. 3Lf 
6.83 10.97 20.36 45.37 1.19 9.16 
5.19 10.19 18.22 43.93 0.59 8.30 
4.64 9.41 18.04 46.00 1.55 16.37 
5.98 12.50 19.00 44.00 2.19 14.45 
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THE EFFECT OF HIGH PURITY OXYGEN ON THE 

ACTIVATED SLUDGE PROCESS 

by 

Larry David Benefield 

(ABSTRACT) 

This study was conducted to determine the effect of using high 

purity oxygen as the gas of aeration on the activated sludge process. 

Three completely-mixed cylindrical reactors were used in the study. 

The working volume for two of the reactors was 10.4 liters while that 

for the third was 4 liters. The gas of aeration for the small reactor 

and one of the large reactors was high purity oxygen and that for the 

other large reactor was compressed air. A soluble composition of nu-

trient broth, glucose, yeast extract, and various mineral salts was 

used as the substrate. The organic loading to each reactor was the 

same and this loading was maintained throughout the research period. 

Sludge age was used as the control parameter and control was achieved 

by wasting a specific volume of sludge each day. This procedure pro-

vided a means of operating over a range of sludge ages. 

Results of the study indicated that an activated sludge system 

operating at low solids and high dissolved oxygen concentration is 

susceptible to takeover by filamentous microorganisms. A model was 

proposed to explain this phenomenon. Results also suggest that it is 

not the use of oxygen which is responsible for differences in substrate 



removal rates and yield observed between air and oxygen activated 

sludge units. Such differences are probably the result of high 

solids levels which most oxygenation systems operate at. This argu-

ment is supported by the model proposed to explain the stimulation 

of filamentous growth by high dissolved oxygen levels. 

Results also indicate that activated sludge systems, when oper-

ated under either air or oxygen aeration, will show no significant 

variation in the gross composition of microbial mass between the 

specific growth rate range employed in this study. 
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